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ABSTRACT OF THESIS 
 
 
 FORAGE QUALITY OF COOL SEASON PERENNIAL GRASS HORSE PASTURES 
IN THE TRANSITION ZONE 
 
 
Cool season perennial grasses are the foundation of equine nutrition in the transition 
zone. The objective of this study was to evaluate forage quality using ADF, NDF, 
IVTDMD, CP, WSC, and ESC and changes in vegetative swards seasonally, diurnally, 
across species (Kentucky bluegrass, tall fescue, orchardgrass, and perennial ryegrass) and 
cultivar. This study was conducted in 2015 and 2017 and plots were maintained 
vegetatively with two to four week mowing. Morning and afternoon sample collection 
occurred monthly during the growing season. Samples were flash frozen; freeze dried, 
ground, and scanned using Near Infrared Reflectance Spectroscopy (NIRS) to predict 
forage quality. There was a significant year effect; therefore year was analyzed separately. 
Generally, ADF and NDF were highest for Kentucky bluegrass (30 and 52%), lowest for 
perennial ryegrass (25 and 46%), and tall fescue and orchardgrass were inconsistent. Crude 
protein was variable across species and season, ranging 10 to 25%. ADF and NDF 
concentrations were higher in the morning; IVTDMD, WSC, and ESC were higher in the 
afternoon; and CP was similar diurnally. In conclusion, forage quality in vegetative cool 
season grass pastures was sufficient to meet the nutritional needs of most equines, but 
varied seasonally, diurnally, across species, and cultivar.   
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1 
INTRODUCTION 
 
Kentucky is in the transition zone of the United States, a region where both warm 
season and cool season forages are well adapted. Kentucky has approximately 2.8 million 
hectares of land devoted to forage production; 2.2 million hectares primarily or solely 
maintained as permanent pasture (S.R. Smith, personal communication, May 21, 2018). 
According to the 2012 Equine Survey Report published by the University of Kentucky 
Equine Programs, approximately 0.44 million hectares in Kentucky are devoted to 
maintaining 242,400 horses (Kentucky Equine Survey, 2013). 
Forage quality has been a long studied aspect of forage research. Quality is 
defined as the ability of a forage to produce the desired animal response (Collins and 
Fritz, 2003). Animal response or performance can mean many things; for the dairy 
industry, it means an increase in milk production, for beef cattle, producers strive for 
higher average daily gains, and for equines, the class of horse determines their nutritional 
requirement. Late gestation and lactating mares, and sport horses require higher quality 
forages in comparison to trail horses that only require a maintenance ration.  
Forage quality is highly influenced by species and maturity stage. Differences 
between species and type of photosynthesis (C3/cool season compared to C4/warm 
season) have been documented daily and seasonally, while more recently, changes in 
nonstructural carbohydrates (NSC) have been evaluated as well (Prince, 2017; 
Shewmaker et al., 2006; Watts and Chatteron, 2004). Generally, cool season grass 
species are more digestible than warm season species (Ball et al., 2015). Stage of 
maturity is one of the most important influences on forage quality. As plants mature, their 
secondary cell walls become more lignified (Jung and Allen, 1995), resulting in 
decreased digestibility and availability of cell solubles. This increased lignification 
affects crude protein (CP) concentration, which can decrease from 15%-20% to 5-6% 
(Darlington and Hershberger, 1967).  
Neutral detergent fiber (NDF) is a measure of total cell wall components and 
negatively correlates to voluntary intake (Ball et al, 2015). Acid detergent fiber (ADF) is 
a measure of the indigestible cell wall portion and is negatively correlated with 
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digestibility (Ball et al, 2015). Other forage quality measurements include in vitro true 
dry matter digestibility (IVTDMD), which uses rumen fluid to replicate digestion in an 
animal. In order to quickly and efficiently evaluate these measures of forage quality, Near 
Infrared Reflectance Spectroscopy (NIRS) is used to predict factors based off light 
reflectance of the specific bonds in forage samples (Stuth et al., 2003).  
  
 
 
3 
Chapter 1: Review of Literature 
 
1.1 Cool Season Grass Species 
Most of the cool season grass species used as forages in North America are non-
native, introduced species originally from Europe, Western Asia, and North Africa. 
Casler and Kallenbach (2007) explain that genetic diversity within these species has 
allowed the development of highly adapted populations or cultivars in the humid areas of 
North America. This area is east of the Rocky Mountains to the Atlantic, and from the 
Canadian boreal forest to the southern edge of the transition zone (Casler and Kallenbach, 
2007). The transition zone (Figure 1.1) is recognized as the area between the temperate 
north and mild south, receiving an average of 1,100 mm of precipitation annually (Burns 
and Chamblee, 1979). In addition to the primary use as feedstuffs for livestock, cool 
season grass species are also used for soil conservation, land reclamation, and nutrient 
recycling (Casler and Kallenbach, 2007). Four of the primary cool season grasses used in 
Kentucky are orchardgrass, Kentucky bluegrass, tall fescue, and perennial ryegrass. 
 Orchardgrass. Dactylis glomerata (L.), known as orchardgrass in North America 
and cocksfoot in New Zealand, Australia, and Europe, is native to parts of Asia, North 
Africa, and Europe. As a perennial bunchgrass, tillers are dark green to blue in color, 
flattened at the base, with a membranous ligule that is typically 2-8 mm long. Spikelets 
containing two to five florets construct the panicle (Casler and Kallenbach, 2007). 
According to Casler and Kallenbach (2007), orchardgrass is commonly used for pasture, 
hay, and silage in the central humid region of the US, including the transition zone. Best 
adapted to moderate/high rainfall and moderate winters, orchardgrass is also moderately 
tolerant of infertile, acidic, and drought-prone soils (Casler and Kallenbach, 2007). 
Orchardgrass is an ideal grass in pasture mixtures due to its above average shade 
tolerance (Casler and Kallenbach, 2007). Casler and Kallenbach (2007) state that because 
orchardgrass reaches anthesis earlier in the spring than other cool season grasses it often 
has lower crude protein (CP) levels in hay. Early removal of reproductive growth will 
stimulate new vegetative tillers; however orchardgrass is not tolerant of continuous close, 
frequent grazing or clipping (Casler and Kallenbach, 2007).  
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 Kentucky bluegrass. Of the 300 species in the genus Poa, Poa pratensis (L.), is 
widely adapted in North America. Early reports suggest the species may be native to the 
continent, but no clear determinations have been made (Casler and Kallenbach, 2007). 
Kentucky bluegrass is most identifiable by its narrow leaves with boat-shaped tips and 
open panicle seed head (Ball et al., 2015). Combined with a rhizomatous root system, the 
majority of the forage biomass is found close to the soil surface in a Kentucky bluegrass 
sod. Due to this low growth, it is persistent under close grazing, making it ideal for horse 
pastures. However, because of its shallow root system, Kentucky bluegrass dominated 
pastures are susceptible to drought during the summer months when temperatures exceed 
24°C (Casler and Kallenbach, 2007). 
 Tall Fescue. Native to Europe, North Africa, and parts of Asia, Festuca 
arundinacea (Schreb.) is a prominent pasture grass in the humid transition zone, covering 
about 14 million hectares (Casler and Kallenbach, 2007). Tall fescue is typically a dark 
green color with prominent veins and rough edges (Ball et al., 2015). This erect, tufted 
bunchgrass is very persistent in drought and stress filled environments due to the 
presence of the endophytic fungus Neotyphodium coenophialum [(Morgan-Jones & 
Gams) Glenn, Bacon & Hanlin] (Casler and Kallenbach, 2007). While this fungus brings 
persistence characteristics to the grass, it is negatively associated with fescue toxicosis, 
which reduces livestock performance in a variety of ways. Endophyte free cultivars first 
came on the market in the late 1980’s; however, stand persistence is reduced in the 
transition zone (Casler and Kallenbach, 2007). Novel (non-toxic) cultivars have recently 
been developed that contain an endophyte which confers plant persistence but which does 
not produce toxic ergot alkaloids.  Tall fescue is primarily used for pasture production, 
growing longer into the fall months than other cool season perennial grasses.  
 Perennial Ryegrass. Originating from Europe, perennial ryegrass (Lolium perenne 
(L.) exposure to drought and extreme temperatures can limit its usefulness in the 
transition zone of the United States (Casler and Kallenbach, 2007). This bunchgrass is 
known for having a shiny leaf characteristic, often used in field identification, in addition 
to its distinct, spike inflorescence with alternating, sessile, and awnless spikelets. 
Perennial ryegrass is easily overgrazed due to its high quality and palatability; potentially 
unfavorable to its persistence in pastures, especially in regions with hot summers (Casler 
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and Kallenbach, 2007). Much of perennial ryegrass production is in the spring and early 
summer, with less late summer and autumn production than other species, such as tall 
fescue (Ball et al., 2015). 
 
1.2 Forage Quality  
Forage quality is the term used to describe the potential of a forage to produce a 
desired animal response. Forage quality measurements may include - but are not limited 
to – digestibility (IVTDMD), digestible energy (DE), total digestible nutrients (TDN), 
CP, NDF, ADF, and NSC. While forage quality values give a prediction of nutritive 
value, they can also be used to estimate the voluntary intake of that particular forage. 
Voluntary intake is defined as the amount of dry matter (DM) forage an animal will eat if 
they are given an unrestricted supply (Collins and Fritz, 2003).  The amount of DE that is 
available to an animal is directly related to the quantity of dry matter consumed. It is 
important to know forage quality to maximize DE intake and consequently animal 
performance. 
In plants, the cellular contents, such as proteins, lipids, and soluble carbohydrates, 
are easily digestible by ruminants and monogastric animals. Considered an analytical 
term, fiber describes forage components that are less digestible than nonstructural 
carbohydrates (Jung and Allen, 1995). Fiber is only digestible by the microflora in 
ruminants and hindgut fermenters, like horses. The fibrous contents of the cell wall - 
cellulose, hemicellulose, and lignin - make the cell wall the greatest limiting factor for 
forage quality and digestibility. Animals fed high-forage diets are often limited in 
available energy due to the high concentration of cell walls, causing low digestibility 
(Jung and Allen, 1995).  
Previous studies by Morrison (1980) have shown that as a forage plant matures 
(Figure 1.2), the concentrations of lignin and hemicellulose increase, making that forage 
more fibrous and harder to digest, thus decreasing the quality of the forage. This increase 
in fibrous cell wall components is primarily due to a decrease in the leaf:stem ratio as a 
plant matures from vegetative to reproductive stages. As Morrison (1980) goes on to 
explain, the covalent bonds in the cell wall play a key role in how the plant material is 
broken down or digested. Lignin and hemicellulose are connected, such that when lignin 
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concentration in a cell wall increases, so does the hemicellulose concentration. Increases 
in both of these factors result in higher ADF (lignin and cellulose) and NDF (lignin, 
cellulose, and hemicellulose), both of which are an indication of the digestibility of the 
forage (Morrison, 1980). The greater the quantity of fiber, the less digestible the forage 
becomes (Jung and Allen, 1995). Therefore, lower ADF and NDF values are associated 
with more digestible, higher quality forages.  
Forages kept in a vegetative growth stage are known to be of better quality than 
more mature stages of growth. This is related to the composition of the cells and tissues. 
Vegetative swards will have an increased leaf:stem ratio, and cells in the leaves undergo 
significantly less secondary wall thickening and contain less lignin compared to stem 
tissue (Jung and Allen, 1995). In a study by Griffin and Jung (1983), the ratio of leaf to 
stem decreased from 68% to 30% as grasses matured over the season. It has also been 
shown that lignin effects on digestibility are greater in grasses than legumes (Buxton and 
Russell, 1988). Stem tissue increases as the plant matures to the reproductive stages, thus 
increasing the concentration of cell wall components (Griffin and Jung, 1983). When 
vegetative, grasses have stem bases known as pseudostems, which mature into lignified, 
true stems as they enter reproductive stages (MacAdam and Nelson, 2003).  
The increase in lignin and overall fiber as the plant matures plays a role in the 
availability of other nutrients as well. Webber (1993) found that leaf, stalk, and whole 
plant crude protein (CP) levels decreased across six kenaf varieties when measured 76 
days after planting (DAP) and 99 DAP. Consistent with other quality trends, leafy plant 
material had more available CP compared to the stem portions of the plant (Webber, 
1993). In a 1968 study by Darlington and Hershberger on the effect of forage maturity on 
digestibility in ponies, they found that as orchardgrass matured from vegetative to full 
maturity over a 20 day period, the crude protein level decreased by more than half, from 
14% to 6.53%, at the same time that crude fiber increased. They also reported that the 
digestibility of crude protein was directly proportional to the percentage in the plant, 
meaning that mature plants had less crude protein digested by the ponies (Darlington and 
Hershberger, 1968).  
 Small improvements in forage quality aspects, such as digestibility, can have 
large results in animal performance. Jung and Allen (1995) state that “cell-wall 
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concentration and digestibility limit the intake potential and energy availability of forage 
crops” therefore, increased digestibility can have economic and animal production 
benefits. Approaching maturation, more rapid increases in grass cell wall components can 
be directly linked with the more rapid decrease in cell wall digestibility (Buxton and 
Russell, 1988), as well as decreased intake. Increased cell wall components can limit 
animal intake, making supplementation with more expensive concentrates necessary to 
maintain an animal in high production.  
Jung and Allen (1995) further state that the use of perennial forage crops can have 
indirect, economically advantageous environmental benefits as well, protecting against 
soil erosion and reducing water pollution. Both ruminant and equine nutritionists agree 
that forages represent the single most important feed resource in the United States. Allen 
et al. (2013) reports that cool season perennial grasses are the foundation of productive 
horse pastures in north central United States.   
Diurnal Changes in Forage Quality 
All plants utilize solar radiation to perform photosynthesis in order to synthesize 
the building blocks for growth. When the rate of photosynthesis exceeds the rate of plant 
growth, photosynthetic products are stored as carbohydrates in the plant.  At night, the 
plant uses these building blocks for maintenance and growth of tissue, with a concurrent 
reduction of stored carbohydrates (Watts and Chatterton, 2004). This cyclic nature 
influences the pattern of forage quality as well.  
Fisher et al. (1999), reported that cattle had a preference for tall fescue hay cut at 
sunset over hay cut at sunrise.  Over three experiments, hay cut in the afternoon had 
lower concentrations of ADF, NDF, CP, and cellulose. On average, ADF was 1-2% lower 
in afternoon cut hay than morning cut hay and NDF was 1-6% lower (Fisher et al., 1999). 
They also found increased dry matter intake by cattle for hay cut in the afternoon, which 
is consistent with equine preference for higher NSC forages, often found in the afternoon 
(Geor, 2010; MacKay et al., 2003). The decreased fiber fractions in afternoon hay was 
thought to be the result of dilution with total nonstructural carbohydrates (TNC) produced 
by photosynthesis. This leads to the hypothesis that there is a correlation between forage 
quality and total nonstructural carbohydrates in a plant. Watts and Chatterton (2004) 
provide preliminary data showing the inverse relationship between total nonstructural 
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carbohydrates, crude protein, and neutral detergent fiber. During the growing season of 
cool season grasses, NDF is lower at the first harvest than the second harvest when the 
plant is in the reproductive stages. CP is higher at the first harvest, and both fructan and 
TNC concentrations are almost two-fold higher (Watts and Chatterton, 2004). 
Forage Quality Laboratory Testing Methods  
Acid detergent fiber and NDF are measured in a laboratory setting using pre-
mixed solutions produced by ANKOM Technology (Vogel et al., 1999). Ground forage 
samples are heat sealed in ANKOM F57 filter bags and placed into a container with the 
appropriate solution. After a timed agitation and multiple rinses, samples are submerged 
in acetone, air dried, and dried in an oven at 100°C. Pre and post weights are inserted into 
a formula to calculate ADF or NDF. These procedures are modifications of the 
conventional procedures developed by Goering and Van Soest (1970) (Vogel et al., 
1999).  
In vitro true dry matter digestibility is carried out in the lab using an ANKOM 
Rumen Fermentor. Filter bags are submerged in rumen fluid and agitated for 48 hours at 
39°C. Digestion by rumen fluid is followed by NDF digestion, which differs from the 
conventional in vitro dry matter digestibility (IVDMD) procedure in that rumen fluid 
digestion is followed by a 48 hour acid pepsin digestion (Vogel et al., 1999). Inherent 
variability using in vivo digestibility is much larger than the controlled conditions of in 
vitro digestion, making in vitro the preferred analytical method for determining 
digestibility (Tilley and Terry, 1963; Van Soest, 1967). For the NIRS equation used to 
predict the sample values in this study, IVTDMD was determined using a method similar 
to the ANKOM Rumen Fermentor, however samples are placed directly into Erlenmeyer 
flasks submerged in 39°C water bath and rumen fluid and reagents are added to the flask 
and maintained under CO2 conditions (Goering and Van Soest, 1970; Mertens, 1992). 
Crude protein is estimated using the Dumas method, whereby the sample is 
combusted at 950-1,050°C in the presence of oxygen. This reaction produces water, CO2, 
SO2, NOx, and N2. NOx is reduced to N2; total N2 is measured using a thermal 
conductivity detector. A nitrogen-to-protein conversion factor (usually 6.25 for animal 
feeds, 5.7 for wheat grains) is used to calculate total CP in the sample (Moore et al., 
2010).  
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Determining Digestibility using Equine Fecal Inoculum 
Due to the differences in digestion by ruminant animals and equines, there is 
increased interest in measuring digestibility specifically related to equines has arisen. 
Traditionally, digestibility as a forage quality parameter has been determined using a 
rumen fluid method with either an ANKOM Rumen Fermentor or a similar method 
(Goering and Van Soest, 1975; Mertens, 1992). While this can provide a rapid measure 
of forage quality for ruminants (along with ADF and NDF), this method of digestibility 
determination is not directly translatable to the horse due to the differences in their 
respective digestive capabilities. It is thought that horses may be unable to digest highly 
fibrous material as well as cattle, due to the fact that bovines have higher cellulolytic 
activity in their digestive tract than is found in the equine cecal-colic microflora (Kern et 
al., 1974). Cymbaluk (1990) reported that cattle digested more (P < 0.001) DM, ADF, 
and NDF from hay than horses; for example, cattle ADF digestibility ranged 38-56%, 
while equine ADF digestibility ranged 21-39%. Varloud and coworkers (2004) reported 
0.42 and 0.41 digestibility coefficients for equine NDF and ADF digestibility, 
respectively. Earing et al (2013) reported an NDF digestibility of 31.5 and 34.2% for 
weanling colts and mature geldings, respectively.  
Ideally, in vivo or indigestible marker methods would be most accurate for 
determining digestibility in horses, however these methods are both timely, costly, and 
not always achievable (i.e. cannulated horses) (Abdouli and Attia, 2006). Hansen and 
Lawrence (2017) reported that using NDF and CP in a multiple linear regression model 
was a best fit for predicting dry matter digestibility (DMD) for horses (R2 = 0.6690, adj. 
R2 = 0.6583). This research showed a useful method of predicting DMD for horses using 
dried materials, but further work is needed to measure the accuracy using fresh forage or 
silage. The authors also noted that predictability could be increased if specific conversion 
equations were used for different types of forages, such as cool season grasses, warm 
season grasses, legumes, etc. (Hansen and Lawrence, 2017).  
Recently, studies have shown validity using in vitro digestibility estimates with 
equine feces (Adbouli and Attia, 2005; Earing et al., 2010; Lattimer et al., 2007). 
Lowman et al (1999) showed that use of equine feces as a microbial inoculum was a 
viable alternative to the standard rumen fluid method. There are several advantages to 
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using feces as a source of microbes: low cost, non-surgical, readily available, and can be 
easily mixed together, thus decreasing animal to animal variation (Lowman et al., 1999). 
The use of equine feces to determine digestibility also eliminates the need for a 
conversion equation. Earing et al. (2010) showed that at the end of a 72 hour incubation 
period, dry matter digestibility was not different from in vivo digestibility estimates for 
four diets (alfalfa, alfalfa-oat, timothy, and timothy-oat). However, there was no change 
between 48 and 72 hour incubation periods (with the exception of the alfalfa diet), 
leading the authors to suggest that most DM digestion in horses may be completed by 48 
hours (Earing et al., 2010). With the exception of the timothy diet, 72 hour NDF 
digestibility was greater than the 48 hour incubation, therefore the authors suggest a 
longer incubation period may be necessary to accurately determine NDFD, despite DMD 
having a shorter incubation requirement (Earing et al, 2010). Lattimer et al. (2007) 
disagreed with Earing et al. (2010) in the length of incubation time required for 
determining digestibility with equine feces (48 hours versus 72 hours), but both studies 
validated the use of the DaisyII to predict DMD values. Alhough equine feces has been 
shown to be a viable source of inoculum for determining equine specific digestibility, a 
recent overview of the literature by Bill (2018) suggests that more conclusive research is 
needed regarding time and temperature before this method can be commercially 
recommended.  
Nonstructural Carbohydrates  
Nonstructural carbohydrates (NSC) are the sum of simple sugars (glucose, 
sucrose, and fructose), fructan (an oligo- and polyfructosyl sucrose), and starch 
(Longland and Byrd, 2006). Further, these simple sugars and fructan are also defined as 
water soluble carbohydrates (WSC) because during lab analysis they are soluble in water. 
Vegetative tissues of cool season grasses accumulate fructan as their reserve 
carbohydrate when production is in excess, mostly stored in the pseudostem of the grass 
(Longland and Byrd, 2006). Ethanol soluble carbohydrates (ESC) are the three simple 
sugars. Warm season grass species store NSC as starch and are limited in their NSC 
accumulation when chloroplasts become saturated; however, due to the absence of a self-
limiting mechanism in cool season grass species, high concentrations of NSC can 
accumulate, leading to a general trend in cool season grasses having greater NSC than 
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warm season grasses in comparison (Longland and Byrd, 2006). Nonstructural 
carbohydrates and WSC are different in that NSC contains starch while WSC does not. 
Since there is very little starch in cool season grasses, these terms are almost analogous 
and publications use both. Most researchers also see the term total nonstructural 
carbohydrates (TNC) as analogous to NSC, though TNC may be measured using other 
analytical procedures.  
Carbohydrate fractions are constantly changing both seasonally and diurnally 
within plants due to a combination of utilization of stored carbohydrates and 
photosynthesis cycles. Sugars are accumulated during daylight hours while plants are 
photosynthesizing and are used at night for plant maintenance and growth (Mayland et 
al., 1998). During periods of time when rates of photosynthesis exceed rates of growth, 
carbohydrates are stored in the plant (Watts and Chatterton, 2004; Pollock and Jones, 
1979). Kagan et al. (2011) recommended grazing orchardgrass for horses in the morning 
when WSC was lower compared to afternoon. Longland and Byrd (2006) reported that in 
various perennial ryegrass cultivars, under ideal growth conditions, WSC concentrations 
increased two-fold during daylight hours. They also reported that under less suitable 
environmental conditions, such as low light and high temperatures, little diurnal WSC 
fluctuation was measured. During times of stress plant growth rate is less than the 
photosynthesis rate, therefore inducing carbohydrate accumulation and decreasing diurnal 
differences (Watts and Chatterton, 2004). Consistent mowing of pastures can help 
forages maintain a constant growth period, thus limiting the amount of carbohydrates that 
are accumulated in the plant (Sprague and Sullivan, 1950).  
Similar to forage quality, seasonal variations in NSC depends on several factors. 
These include: species, variety, stage of growth, and environmental conditions. 
Environmental factors include temperature, light intensity, and water and nutrient 
availability (Watts and Chatterton, 2004; Jensen, et al., 2014). Jiang and Huang (2001) 
reported that when Kentucky bluegrass stands were undergoing heat stress and water 
deficient conditions, WSC concentrations increased by 21 and 44% at 14 and 21 days, 
respectively. Volaire and Lelievre (1997) showed that during drought stress, orchardgrass 
WSC concentrations increased 40% on a dry matter basis.  
 
 
12 
Perennial ryegrass, tall fescue, orchardgrass, and Kentucky bluegrass were 
evaluated for WSC concentration over the growing season and were found to increase 
from mid-May to June, decreased in July and August, then began to increase again in 
September, October, and November (Jensen et al., 2014). This curve is consistent with 
the growth pattern for cool season species that have a primary growth phase during April 
through June, a “summer slump” in July and August, then a secondary, regrowth phase in 
the fall, September through November. WSC were at peak concentration in May and 
October, exceeding 14% and occasionally as high as 28% for perennial ryegrass (Jensen 
et al., 2014). Watts and Chatterton (2004) indicated that conditions in the spring and fall 
often favor carbohydrate accumulation, independent from stage of plant growth. 
Nonstructural Carbohydrate Correlation with Forage Quality  
Mayland et al. (2005) linked the increased TNC in orchardgrass leaves to 
decreased NDF and CP concentrations due to dilution in the afternoon samples. Between 
morning and afternoon samples, TNC increased as NDF and CP decreased significantly 
in the leaves of the plant; ADF and IVTDMD also decreased, although not significantly 
(Mayland et al., 2005). Fisher et al. (2002) showed differences in forage quality between 
alfalfa hay cut in the afternoon versus the morning and reported that hay cut in the 
afternoon had significantly lower ADF, NDF, and lignin, and significantly higher 
digestibility and TNC. These overall changes in forage quality would make hay cut in the 
afternoon higher quality compared to hay cut in the morning. In a 1998 study by Mayland 
et al. they found that afternoon harvested grass hay had significantly higher CP, TNC, 
and digestibility compared to morning harvested grass hay. The afternoon cut grass hay 
also had lower concentrations of ADF and NDF compared to the morning cutting, 
suggesting a link between rising NSC levels and changes in forage quality (Mayland et 
al., 1998).  
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1.3 Near Infrared Reflectance Spectroscopy 
Near infrared reflectance spectroscopy (NIRS) is a method used to estimate the 
organic components of a sample using the near infrared spectrum of light (700 to 2500 
nm). While initial equipment expense is high, costs are minimal for long-term use (Ruiz, 
2001). Traditionally, forage quality components such as CP, IVTDMD, ADF, and NDF 
are measured using laboratory procedures. The NIRS allows for the lab measurements to 
be replaced. The dried, ground sample is scanned with the near infrared light and the 
reflected near infrared light is collected; this spectrum is like a fingerprint, unique to each 
individual sample. A set of spectra combined with laboratory chemical analysis is used to 
create a predictive equation in the NIRS machine. This equation allows for further 
samples to be predicted based on their spectrum scans only. In the long run, chemical 
analysis is not needed, saving time, resources, and money. Corson et al. (1999) estimates 
that using NIRS to analyze forage quality is one fifth the cost of traditional lab analyses. 
Using the NIRS machine also allows for an increased number of samples to be analyzed 
(Stuth et. al, 2003). Because the NIRS equations for predicting sample values are built 
from reference values, the NIRS is a secondary method of analysis and can be no better 
than the reference methods used to create it. Therefore, it is important to include a wide 
variety of reference values to create a robust equation.  
 In order to obtain these NIRS spectrum for each sample, photons of different 
energies in the electromagnetic spectrum are shined at the sample within the machine. 
The different energy photons react differently with matter; these peaks and valleys are 
recorded, each indicating different bonds or properties of that sample (Stuth et. al, 2003). 
Workman and Shenk (2004) noted that when the energy is emitted from the light source 
at a frequency that matches the vibration of an NH, CH, or OH bond, the energy is 
absorbed in that wavelength (Figure 1.3). When this happens, the radiation at all other 
wavelengths is reflected, and therefore does not interact with the bond at that particular 
wavelength (Workman and Shenk, 2004).  
An example of collected NIRS spectra is presented in Figure 1.4; a different 
colored line represents each individual sample. The general trend of the sample 
population has the same peaks and valleys, with variation between individual samples. 
Scatter is the dispersion of light reflected from the surface of the particles without 
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penetration of the sample (Workman and Shenk, 2004). This can lead to significant 
variation in the NIR spectra. To avoid scatter and control variation, samples should be 
ground into uniform, small particles. Workman and Shenk (2004) found that smaller 
particles result in greater light scatter, as it is inversely proportional to particle size. 
However, at a constant average particle size – if all samples are prepared the same way – 
the scattering will be identical and non-significant in terms of affecting the analytical 
results. Instances can occur where irregular particle size is a characteristic of the forage, 
caused, for example, by lignification or increasing plant maturity (Struth et. al, 2003). 
Norris et al. (1976) found that samples with abnormally high parameters had larger 
particle sizes, even though all samples were ground through the same screen size.  
The NIRS machine will perform a cross validation to check the accuracy to which 
it predicts the samples. The NIRS Consortium defines the standard error of calibration 
(SEC) as how well the prediction model predicts reference values that were used to build 
the model. Lower SEC values are desired. The standard error of cross validation (SECV) 
is a measure of how well the prediction model predicts the reference values in the 
calibration set when those same samples are removed from the calibration process 
(Sapienza et al., 2008). Standard error of calibration and SECV values should be similar; 
large discrepancies can indicate a weak prediction model. When evaluating the fit of a 
sample set to a particular equation, the NIRS uses Global H and Neighborhood H values 
(GH and NH, respectively). GH determines outliers by comparing the individual sample 
value to the average of all samples (Ruiz, 2001). Typically, GH less than three is 
considered robust. NH values should be less than one, as that indicates an individual 
spectrum is close to another sample in the population (Ruiz, 2001).  
 
1.4 Diet Management of Horses 
While domesticated horses today consume a variety of feedstuffs including forage 
(fresh and dry) and concentrates high in starch, the wild horse evolved and adapted to 
grazing and browsing fresh forages (Frape, 2010). In Horse Nutrition and Feeding, 
author David Frape (2010) relates that through the domestication process, humans have 
changed the way horses eat, often limiting their feeding time and introducing new feeds 
that are high in starch, thus increasing the potential to cause digestive upset. 
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Depending on the class of horse, diet requirements can differ widely. Consuming 
2.25% DM body weight, a 500kg adult horse in average maintenance only needs 6.3% 
CP, while a 500kg mare in her first lactating month requires 12.3% CP (NRC, 2007; 
Table 1.1). These different levels of requirements are met in differing ways. In addition 
to a high CP requirement, the lactating mare has other high nutrient requirements (such as 
digestible energy) that may make the addition of a concentrate supplement to her hay or 
pasture necessary. Horses with high nutrient requirements perform better on a higher 
quality forage; lower fiber fractions and higher digestibility mean that they are able to 
utilize more of the nutrients present in the forage. Those that have reduced nutrient 
requirements can handle lower quality forages while still meeting their needs. 
Overfeeding nutrients can have negative consequences; high CP in the diet often leads to 
excretion of the excess in the form of urinary N (Weir et al., 2017). This surplus urinary 
N excretion increases ammonia volatilization from manure which may predispose horses 
to inflammatory airway diseases (Sweeney et al., 1996). Feeding NSC in excess has been 
linked to laminitis in equines (Frank et al., 2000; Geor, 2010; Longland and Byrd, 2006). 
It is important to meet the basic requirements for the specific class of horse without 
exceeding and exposing them to potentially harmful situations.  
Laminitis 
In normal horse anatomy, the distal phalanx – the coffin or pedal bone – in the leg 
is suspended within the hoof capsule by leaf-like laminae (Pollit, 2008); thus, the entire 
weight of the horse is suspended on four bones. The inflammation of these laminae is 
defined as laminitis (Pollitt, 2008; Redden, 2005). Prolonged inflammation can induce 
the breakdown of these laminae, resulting in a failing suspension system. The coffin bone 
is then free to rotate within the hoof capsule, often falling down and occasionally 
protruding out the bottom of the horse’s hoof (Figure 1.5). This movement of the coffin 
bone causes immense pain and lameness in the animal; a majority can recover with 
various treatments, however 20-30% of cases result in the end of career or life (Redden, 
2005).  
Pasture-associated laminitis (PAL) is thought to be responsible for almost half 
(46%) of laminitis cases reported every year (Geor, 2010; Longland and Byrd, 2006).  In 
a study conducted by the National Animal Health Monitoring System (NAHMS) in 1998, 
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it was reported that grazing lush pasture was the single most common perceived cause of 
all laminitis cases reported, 45.6 ± 11.5% (Kane et al., 2000). That same study also found 
that laminitis affects equines on approximately 15% of operations nationally (Kane et al., 
2000). The occurrence of pasture associated laminitis varies seasonality and is attributed 
to the increased consumption of NSC when grazing pasture forage (Frank et al., 2010). 
Daily intake (DM) of grazing horses have generally been reported to be 1.5 to 2.5% of 
body weight (NRC, 2007). Depending on low or high concentrations of WSC in pasture, 
horses could consume 0.75 to 4.8 kg WSC per day – potentially similar the amount of 
fructan previously used to induce laminitis when delivered in a single bolus (Pollit et al., 
2003). Frank et al. (2000) advises that WSC content should not exceed 10% DM when 
feeding horses predisposed to metabolic issues.  
Laminitis has been induced in healthy horses by administering high 
concentrations of fructans in a bolus (Pollitt et al., 2003). In these cases, the large amount 
of NSC bypasses the foregut and sugar fermentation takes place in the hindgut, reducing 
pH, which may lead to a cascade of events that eventually limits blood flow and nutrients 
to the foot (Longland and Byrd, 2006). It is also thought that some horses and ponies may 
have a predisposition to laminitis, stemming from insulin resistance (Longland and Byrd, 
2006; Geor, 2010; Borer et al., 2012). The term Equine Metabolic Syndrome (EMS) has 
been coined to describe those animals that have excess adipose tissue, insulin resistance 
as a result of hyperinsulinemia or abnormal glycemic and insulinemic responses, and a 
predisposition towards laminitis (Frank et al., 2010).  
 
1.5 Objective  
Understanding the changes in forage quality – acid detergent fiber, neutral 
detergent fiber, in vitro true dry matter digestibility, and crude protein – is crucial to 
management of horse pastures. It is also important to understand the relationship of 
nonstructural carbohydrates as they relate to traditional measures of forage quality, not 
only to manage proper nutrition but to control the diets of horses that may be at risk of 
developing metabolic conditions such as laminitis. Nonstructural carbohydrates fluctuate 
seasonally and daily, potentially influencing the quality of the forage as they change. 
Patterns of forage quality and nonstructural carbohydrate changes are also influenced by 
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weather and management conditions. The objective of this study was to evaluate acid 
detergent fiber (ADF), neutral detergent fiber (NDF), in vitro true dry matter digestibility 
(IVTDMD), crude protein (CP), and water soluble (WSC) and ethanol soluble 
carbohydrates (ESC) and how they change in a vegetative perennial cool season grass 
sward seasonally, diurnally, across species and cultivar. 
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Figure 1.1 Map of the continental United States with the transition zone highlighted in 
yellow (often, the transition zone only includes the region with precipitation > 1,100 mm, 
i.e. east of Texas; Burns and Chamblee, 1979; Bluegrass Equine Digest, 2015). 
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Figure 1.2 Stages of forage plant maturation.  
(https://www.onpasture.com/wp-content/uploads/2015/05/plant-development-IA-State-
Extension-PM-1791.png)  
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Figure 1.3 Chemical bond absorptions at various wavelengths in the near infrared 
spectrum used by NIRS. (https://www.ipgphotonics.com/en/products/lasers/mid-ir-
hybrid-lasers) 
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Figure 1.4 Sample NIRS population spectra 
(http://www.forestquality.com/index.php/nir-spectroscopy/nir-basics) 
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Figure 1.5 Normal hoof anatomy, coffin bone rotation, and coffin bone sinking as a result 
of equine laminitis (Orsini, 2008). 
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Table 1.1 Crude protein (CP) requirements based on different class of horse, calculated 
from Nutrient Requirements of Horses, 2007, National Academy of Sciences, National 
Academy Press, Washington, DC. 
 
*Based on class of horse, %BW DM was different: ** = 2% BW, DM; † = 2.25% BW, DM; ‡ = 2.5% BW, DM. 
 
  
Class of Horse 
Body 
Weight 
(BW), kg 
Feed 
required* 
(DM), kg 
Crude protein 
requirement, 
DM (%) 
Adult, average maintenance** 500 10 6.3% 
Adult, moderate exercise† 500 11.25 6.8% 
Lactating mare, 1st month‡ 500 12.5 12.28% 
Growing, 4 months‡ 168 4.2 15.9% 
Growing, 12 months‡ 321 8.025 10.5% 
Growing, 18 months, light 
exercise‡ 387 9.675 8.8% 
Growing, 24 months, heavy 
exercise‡ 429 10.725 9% 
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Chapter 2: Evaluating the Effects of Species, Harvest Date, Time of Day, and Year 
on Forage Quality of Cool Season Perennial Grasses 
 
 
2.1 Materials and Methods 
 
Forage Sampling 
This research consisted of four species of cool season grasses and two to three 
cultivars within each species planted in the fall of 2014 and 2016. Sample collection 
occurred during the year after establishment for both planting dates. Entries were 
Kentucky bluegrass (Poa pratensis L.) ‘Barderby’ and ‘Ginger’, perennial ryegrass 
(Lolium perenne L.) ‘Calibra’, ‘Linn’, and ‘Aberzest’, tall fescue (Festuca arundinacea 
Schreb.) ‘Bronson’ and ‘Cajun II’, and orchardgrass (Dactylis glomerata L.) ‘Profit’, 
‘Persist’, and ‘Quickdraw’. The 2014 planting was on September 8 and arranged in a 
randomized complete block, split-block design on the University of Kentucky’s 
Spindletop Research Farm (Lexington, KY). The split-block incorporated a nitrogen (N) 
treatment consistent with University of Kentucky recommendations (Schwab and Piersal, 
2010). No nitrogen was applied to half the block, while the remaining half received 157 
kg N ha-1. Nitrogen treatments were applied in split applications: 56 kg N ha-1 (16 March, 
2015), 39 kg N ha-1 (13 May, 2015), and 56 kg N ha-1 (19 August, 2015) using a Gandy 
0.92m (Owatonna, MN) drop-type fertilizer spreader. The plots were sampled twice daily 
(8:00-9:00am and 3:00-4:00pm) every two to four weeks throughout the 2015 growing 
season on April 15, May 13, June 10, July 8, August 19, September 15, October 13, and 
November 3. Every two weeks, plots were mowed to a height of 10 cm using a zero turn 
mower (Kubota ZG227, Torrance, CA), with clippings returned to the plots to simulate 
typical horse pasture management in central Kentucky. This clipping interval maintained 
the forage in a vegetative state between 10 to 25 cm height. From July through October 
mowing interval was every four weeks, because moisture and temperature limited 
regrowth.   
The 2016 planting was on September 6 and consisted of the same species and 
cultivars. In contrast to the 2014 planting, the 2016 planting did not include a split plot 
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zero N treatment. Nitrogen application rates were: 56 kg N ha-1 (March 21, 2017), 45 kg 
N ha-1 (May 26, 2017), and 56 kg N ha-1 (August 21, 2017). Throughout the 2017 
growing season, plots were sampled twice daily (8:00-9:00am and 3:00-4:00pm) on April 
11, May 11, June 7, July 6, August 2, September 28, October 26, and November 21. 
Similar to 2015, plots were mowed every two weeks to 10 cm, with the exception of July 
through October when mowing occurred every four weeks because moisture and 
temperature limited regrowth. The split plot N treatment was not included in 2017 and 
the sampling interval was reduced to every four weeks in contrast to 2015 because of 
labor limitations. In the final analysis, only the 2015 N treated plots and the four week 
sampling dates were included to allow for a balanced experimental design. Plots treated 
with N were only considered for this project based on the fertilization recommendations 
for high stocking rate horse pastures provided by University of Kentucky’s AGR-200 
“Soil Sampling and Nutrient Management in Horse Pastures” (Schwab and Piersal, 
2010). Profit orchardgrass and Calibra perennial ryegrass were included in each planting 
as winter hardy backups for the other late maturing cultivars; however, since there was no 
winter kill in either year, these cultivars were not used in the final analysis.   
In both years grab samples of forage were collected by laying down a 15cm 
length of 5cm diameter polyvinyl chloride (PVC) pipe, setting garden shears on top, 
clipping to a 5 cm height, and then dicing the forage into 2.5 to 5 cm length pieces before 
being placed into a 20 cm diameter aluminum pan. The PVC pipe was used to ensure a 
consistent measurement of clipping height across all workers at each sampling date. This 
process was repeated five to ten times at random locations throughout the plot to mimic 
grazing, enough to collect approximately 100g of fresh forage. In order to halt all 
photosynthetic processes happening in the plant, the samples were flash frozen in the 
field by placing the aluminum pans into Styrofoam coolers containing liquid nitrogen. 
After flash freezing, samples were then transported to -20°C freezers using coolers filled 
with dry ice. Samples were freeze dried for seven to ten days, beginning at -29°C and 
ending at 23°C. Multiple freeze dryers were used to accommodate the large numbers of 
samples: VirTis SP Industries (Gardiner, NY) model 36X66GPFD, Botanique (Phoenix, 
AZ) model 18DX48SA, and Botanique (Phoenix, AZ) model 24DX54. Upon completion, 
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samples were ground using a 1 mm mesh in an Udy Cyclone Sample Mill (UDY 
Corporation, Fort Collins, CO).  
 
Near Infrared Reflectance Spectroscopy (NIRS) 
The ground samples were scanned into a Foss 6500 Near Infrared Reflectance 
Spectroscopy (NIRS) (Foss, Inc., Hillderod, Denmark) with ISI software (Infrasoft 
International, L.L.C., State College, PA). All samples from both years were predicted for 
dry matter (DM), acid detergent fiber (ADF), neutral detergent fiber (NDF), crude protein 
(CP), and in vitro True Dry Matter Digestibility (IVTDMD) using the Grass Hay 
equation published by the NIRS Forage and Feed Testing Consortium (NIRS, 2017). The 
Global H (GH) and Neighborhood H (NH) values were used as population fit 
measurements for the equation. Samples were considered a good fit when GHavg was less 
than or equal to three and when NHavg was less than or equal to one (Ruiz, 2001). The 
equations used for water soluble carbohydrates (WSC) and ethanol soluble carbohydrates 
(ESC) were developed by Prince (2017) using wet chemistry validated samples from the 
2015 sample year. The R2 values for these equations were 0.93 and 0.97, respectively 
(Prince, 2017). Again, GH and NH were evaluated to ensure the sample population was a 
good fit for the equations used. For the NIRS Consortium Grass Hay equation, the 
University of Wisconsin Soil and Forage Lab in Marshfield, WI conducted the IVTDMD 
lab work. Dairyland Labs in Arcadia, WI performed the laboratory calibrations for DM, 
ADF, NDF, and CP. All data points were predicted on a dry matter basis.  
 
Laboratory Procedures 
Prince (2017) determined WSC and ESC concentrations using a modification of 
DuBois et al. (1956) colorimetric, phenol-sulfuric acid assay. Water soluble 
carbohydrates and ethanol soluble carbohydrates were extracted with water or 88% 
ethanol, respectively, and analyzed by high-performance liquid chromatography (HPLC) 
and a colorimetric assay (Kagan et al., 2018). 
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Weather Data Collection 
Weather data was recorded in 2015 at a UK research weather station adjacent to 
the experimental field every 15 seconds and reported as a maximum, minimum, and 
average for every 15 minutes. Air temperature and total rain were recorded for 2015 from 
May 7 through November 19. For 2017, air temperature was measured the UK weather 
station adjacent to the experimental field for the dates of April 10 through November 22. 
Total rain in 2017 was obtained from the UK Spindletop Weather Station (located 1 mile 
from the sampling field) for the same dates due to technical issues with the rain gauge at 
the adjacent weather station. Average air temperature, total rain, and accumulated 
growing degree days (GDDa, Tbase = 50°F, 10°C; AGR-236 “Managing Frost Damaged 
Alfalfa Stands” Teutsch et al., 2018) are reported on a weekly basis for both sampling 
years to support interpretation of results (Tables 2.4 and 2.5). GDDa is usually used as a 
cumulative record of the rate of plant growth; however, because of repeated clipping, 
GDDa was not matched with maturity stages in this study.   
 
Statistical Analysis 
 As noted previously, the N treatment and biweekly samples from 2015 and the 
additional two cultivars were not included in the analysis to create a balanced design. 
Kentucky bluegrass samples were not collected from April 2015 due to lack of growth, 
therefore the April samples were not included in the statistical analysis from either year. 
Some samples were lost due to handling issues from May 2015 and were considered as 
missing data. Predicted values were analyzed using SAS 9.3 PROC GLIMMIX procedure 
as a randomized complete block design, split-split plot in time experimental design. 
Species (4), harvest (7), time of day (2), and cultivar (8) were treated as fixed effects, 
with block (4) and year (2) treated as random. The split-split plot in time was the 
combination of harvest and time of day interaction; therefore that interaction was used as 
the repeated measure. Compound symmetry (CS) covariance structure was used. From 
2015 and 2017, a total of 866 samples were predicted with the NIRS and analyzed. 
Statistical significance was determined at p < 0.05. All significant interactions are 
summarized in Table 2.8. Interactions with year were separated by year. Interactions with 
harvest date were sorted by harvest; therefore each harvest date was analyzed separately. 
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A least square means comparison test was used to determine statistical differences 
between treatments. Standard error of the means was determined from the variance 
calculated in the ANOVA table and adjusted for missing data. Correlation tests were 
performed between forage quality factors and carbohydrate concentrations using the 
PROC CORR command in SAS. Averages over species, time of day, and harvest were 
used for these correlation points, totaling 112 points. Summary of correlations are shown 
in Tables 2.6 and 2.7.  
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Table 2.1 Cool season perennial grass cultivars used in this research at University of 
Kentucky’s Spindletop Farm location, Lexington, KY. 
 
 
 
Table 2.2 Recommended date and rate of nitrogen (N) fertilizer applications for high 
stocking rate horse pastures provided by University of Kentucky’s AGR-200 “Soil 
Sampling and Nutrient Management in Horse Pastures” in comparison to the actual date 
and rates of N application in this study. 
 
 
 
Table 2.3 Harvest dates used for the final analysis of this study conducted at University 
of Kentucky’s Spindletop Farm located in Lexington, KY from 2015 to 2017. 
  
Species 
Early maturing 
cultivars (predicted 
low in nonstructural 
carbohydrates) 
Late maturing 
cultivars (predicted 
high in nonstructural 
carbohydrates) 
Kentucky bluegrass Ginger Barderby 
Tall fescue Cajun II Bronson 
Orchardgrass Persist Quickdraw 
Perennial ryegrass Linn Aberzest 
Year Recommended Application Date 
Recommended 
N Application 
Rate (kg/ha) 
Actual Date of 
Application 
Actual Rate of 
N Application 
(kg/ha) 
2015 
Feb. 15 – Mar. 15 44.8 – 89.6 March 16 56.0 
May 1 – 15 33.6 – 44.8 May 13 39.0 
August 15 – 30 44.8 – 89.6 August 19 56.0 
2017 
Feb. 15 – Mar. 15 44.8 – 89.6 March 21 56.0 
May 1 – 15 33.6 – 44.8 May 26 45.0 
August 15 – 30 44.8 – 89.6 August 21 56.0 
Harvest 2015 Date 2017 Date 
1 May 13 May 11 
2 June 10 June 7 
3 July 8 July 6 
4 August 19 August 2 
5 September 15 September 28 
6 October 13 October 26 
7 November 3 November 21 
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Table 2.4 Weekly precipitation (mm), average temperature (C, F), and accumulated 
growing degree days (GDD) in central Kentucky from May to November 2015. 
  
Week of 
Precipitation 
weekly total 
(mm) 
Temperature, 
weekly avg 
(C) 
Temperature, 
weekly avg  
(F) 
Accumulated 
GDD 
5/7/15 7.4 21.9 71.5 421 
5/14/15 23.6 19.6 67.4 544 
5/21/15 22.1 19.0 66.2 659 
5/28/15 29.2 19.0 66.3 793 
6/4/15 6.6 22.2 72.0 908 
6/11/15 10.7 26.5 79.6 1069 
6/18/15 79.2 24.4 76.0 1280 
6/25/15 39.1 21.7 71.0 1466 
7/2/15 64.3 22.4 72.2 1613 
7/9/15 91.2 23.3 73.9 1780 
7/16/15 42.7 24.8 76.6 1953 
7/23/15 25.9 24.6 76.2 2141 
7/30/15 8.6 23.9 75.0 2331 
8/6/15 25.4 22.6 72.7 2503 
8/13/15 7.4 22.8 73.1 2663 
8/20/15 17.8 20.4 68.7 2828 
8/27/15 1.0 22.6 72.6 2950 
9/3/15 5.8 25.3 77.6 3123 
9/10/15 3.3 18.3 65.0 3317 
9/17/15 0.0 19.1 66.4 3419 
9/24/15 65.0 19.1 66.4 3537 
10/1/15 25.7 15.4 59.7 3648 
10/8/15 11.7 16.2 61.2 3732 
10/15/15 0.0 11.1 52.0 3802 
10/22/15 52.8 15.3 59.6 3827 
10/29/15 7.6 11.4 52.6 3883 
Season 
Total 674.1    
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Table 2.5 Weekly precipitation (mm), average temperature (C, F), and accumulated 
growing degree days (GDD) in central Kentucky from May to November 2017. 
  
Week of 
Precipitation, 
weekly total 
(mm) 
Temperature, 
weekly avg 
(C) 
Temperature, 
weekly avg 
(F) 
Accumulated 
GDD 
5/4/17 38.1 13.5 56.3 634 
5/11/17 38.4 20.1 68.3 692 
5/18/17 51.8 20.3 68.6 826 
5/25/17 29.0 20.3 68.6 941 
6/1/17 48.5 20.5 68.8 1082 
6/8/17 2.0 22.9 73.2 1195 
6/15/17 72.4 24.5 76.1 1372 
6/22/17 144.0 20.9 69.6 1552 
6/29/17 41.7 24.0 75.2 1690 
7/6/17 78.0 24.2 75.6 1868 
7/13/17 0.3 25.4 77.8 2057 
7/20/17 13.7 26.0 78.9 2244 
7/27/17 39.4 22.8 73.1 2445 
8/3/17 48.8 20.6 69.1 2606 
8/10/17 17.5 23.4 74.1 2734 
8/17/17 68.1 25.3 77.5 2914 
8/24/17 64.3 19.4 67.0 3091 
8/31/17 90.4 18.9 66.1 3218 
9/7/17 0.0 16.1 61.0 3318 
9/14/17 9.4 21.2 70.2 3403 
9/21/17 0.3 23.2 73.8 3561 
9/28/17 0.0 17.5 63.5 3720 
10/5/17 142.0 20.9 69.6 3821 
10/12/17 1.3 14.7 58.5 3950 
10/19/17 40.1 14.2 57.6 4011 
10/26/17 46.5 7.0 44.5 4059 
11/2/17 47.0 13.9 57.0 4079 
11/9/17 14.0 4.8 40.7 4127 
11/16/17 23.9 5.5 41.8 4123 
Season 
Total 1322.3    
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Table 2.6 Correlation coefficients (r) between acid detergent fiber (ADF), neutral 
detergent fiber (NDF), in vitro true dry matter digestibility (IVTDMD), crude protein 
(CP), water soluble carbohydrates (WSC), and ethanol soluble carbohydrates (ESC) for 
cool season grasses in central Kentucky in 2015. 
*p < 0.05, **p < 0.0001 
 
Table 2.7 Correlation coefficients (r) between acid detergent fiber (ADF), neutral 
detergent fiber (NDF), in vitro true dry matter digestibility (IVTDMD), crude protein 
(CP), water soluble carbohydrates (WSC), and ethanol soluble carbohydrates (ESC) for 
cool season grasses in central Kentucky in 2017. 
 
 
2017 CP ADF NDF IVTDMD WSC ESC 
CP  -0.51535** -0.49124** 0.34131* -0.02305 0.10393 
ADF   0.9312** -0.7796** -0.69436** -0.75127** 
NDF    -0.7823** -0.76785** -0.78947** 
IVTDMD     0.83127** 0.88758** 
WSC      0.96365** 
*p < 0.05, **p < 0.0001 
 
Table 2.8 ANOVA chart for significant interactions of harvest date, species, and time of 
day on acid detergent fiber (ADF), neutral detergent fiber (NDF), in vitro true dry matter 
digestibility (IVTDMD), crude protein (CP), water soluble carbohydrates (WSC), and 
ethanol soluble carbohydrates (ESC) for cool season perennial grasses in central 
Kentucky in 2015 and 2017. 
 
 
 ADF NDF CP IVTDMD WSC ESC 
Harvest*time*year 0.0014 0.0002 <0.0001 0.0027 <0.0001 <0.0001 
Species*harvest*year <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
Species*time*year 0.7831 0.5676 0.3993 0.6493 0.3922 0.0299 
Harvest <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
  
2015 CP ADF NDF IVTDMD WSC ESC 
CP  -0.8647** -0.75963** 0.7858** -0.28812* 0.12505 
ADF   0.9683** -0.90576** -0.12152 -0.51476** 
NDF    -0.94155** -0.3062* -0.66547** 
IVTDMD     0.21186 0.63405** 
WSC      0.81831** 
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2.2 Results and Discussion 
Acid Detergent Fiber Interactions 
There were two significant three-way interactions for acid detergent fiber (ADF): 
harvest date by time of day by year (p<0.0014) and species by harvest date by year 
(p<0.0001). Data was separated by year and further sorted by harvest date (p<0.0001) for 
clarity (Table 2.8).  
Harvest Date by Time of Day by Year Response for ADF 
For 2015, within each month of the sampling season, May to November, ADF 
concentrations were consistently higher in the morning compared to the afternoon (Fig. 
2.1). Across the season, ADF ranged from 18.6% (October pm) to 32.7% (May am). 
According to Ball et al (2015), legume, grass, or legume-grass hay mixtures are 
considered to carry a quality standard of “prime” when ADF is less than 31% and “1” 
when ADF is in the 31-35% range. Therefore, all of the values would be considered very 
high quality. In similar work, Collins and Casler (1990b) found that several cool season 
grass species had ADF values less than 36% during their initial harvest, but ADF rapidly 
increased during the 30-40 days after May 1 as the plants were allowed to mature. The 
consistently low ADF concentrations found in this study can be attributed to the regular 
mowing every 2 to 4 weeks to ensure swards remained vegetative. 
In October 2015, ADF was almost 10% lower in both the morning and afternoon 
samples in comparison to the rest of the growing season. In the three weeks leading up to 
the October harvest, the plots received over 100mm of precipitation (Table 2.4). 
Combined with average weekly temperatures ranging from 60 to 66°F (15.4 to 19.1°C; 
Table 2.4), these were ideal conditions for cool season grass growth.  Normally in 
Kentucky, October begins a secondary period of growth for cool season grasses.  Fall 
regrowth of vegetative tissue shifts the leaf to pseudostem ratio back in favor of the leaf 
portion, resulting in a decrease in the ADF portion of the plant (Jung and Allen, 1995). 
This low ADF concentration remained consistent into November. 
Similar to 2015, in 2017 ADF was higher in the morning compared to the 
afternoon across the growing season, with the exception of November (Figure 2.2). ADF 
ranged from 22.4% (November pm) to 30.3% (July am) in 2017. Using Ball and 
coworker’s (2015) standards for grass hay, these values were prime or “1”. There was a 
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decrease in ADF from May to June in 2017, possibly due to a consistent 68°F (20°C) 
average temperature in the weeks prior to the June harvest paired with ample 
precipitation (48mm) during the harvest week (Table 2.5).  There was a greater difference 
between October morning and afternoon in comparison to September. By November, 
morning ADF had decreased and was not different from afternoon.  
Interestingly, May 2015 started with higher ADF concentrations than May 2017. 
Although these plots were cut every two weeks to maintain vegetative growth, the plants 
were initiating stem elongation between cuttings during May of both years. In both years 
at an adjacent yield experiment maturity ratings of these same species ranged from 55.5 
to 60 at harvest (Olson et al., 2015; Olson et al., 2017a,b,c,d), and between years the 
maximum rating difference was 2.5 points. Based on these maturity ratings, all species at 
the adjacent experiment were in inflorescence emergence or preanthesis (Olson et al., 
2015; Olson et al., 2017a,b,c,d). These similar maturity ratings between species in 
Olson’s research suggest that the difference in ADF between the two years was not likely 
due to one species maturing at a faster rate than the others.  
During the week of the May harvest in 2015, average temperature was 71.4°F 
(21.9°C), compared to 68.2°F (20.1°C) in May 2017 (Table 2.4, 2.5 respectively). The 
2015 May harvest also received less than 10 mm of precipitation, while 2017 received 
38mm in one week alone (Table 2.4, 2.5 respectively). Accumulated growing degree days 
(GDDa) were 535 in May 2015 and 692 in 2017 (Tables 2.4, 2.5 respectively). Increased 
GDDa means that there were more days when the average temperature was above 50°F 
(10°C) in 2017 compared to 2015 by the first harvest in May. More GDDa and increased 
precipitation may account for the lower ADF concentrations at the initial harvest in 2017.  
ADF concentrations were 27 to 31% during the summer months of July and 
August for both years (Figures 2.1, 2.2). For 2015, these values were only slightly lower 
than May; however warmer spring temperatures (Table 2.4) may have contributed to the 
small differences between spring and summer. ADF decreased more from May to June in 
2017 compared to 2015 (3.5% compared to 2%); likely due to seed head appearance and 
stem elongation in May, despite regular mowing. In July and August of 2017 ADF was 
higher than May and June when there was a notable temperature difference between 
spring and summer months (Table 2.5). As the temperatures increase, primary cell wall 
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growth of cool season grasses slows down and secondary cell wall growth increases, 
resulting in lignification and increased fiber content (Jung and Allen, 1995; Buxton and 
Russell, 1988).  
For horses grazing pastures maintained similarly to this experiment, it could be 
expected that the pasture would have quality similar to these results. Higher quality 
forage with low fiber fractions would allow for the animal to utilize most of the nutrients 
present in the forage, potentially decreasing the need for additional supplementation in 
the form of concentrate. For horses that require a high level of nutrients for their 
performance level, grazing in the afternoon would give them access to a higher quality 
forage. However, with that higher quality forage also comes higher NSC levels, which 
may pose a problem for metabolically challenged horses, potentially leading to pasture 
associated laminitis (Frank et al., 2000; Geor, 2010; Longland and Byrd, 2006). This 
could potentially cause an issue in the fall months, where ADF decreases significantly in 
October and November. During primary vegetative growth in the spring, NSC levels 
could be higher than in the summer when forage quality is not as high. Our data indicates 
that at risk horses should be monitored and grazed during the morning hours when NSC 
levels are lower and forage quality is still sufficient.  
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Figure 2.1 Harvest date by time of day effects on acid detergent fiber (ADF, % DM) of 
cool season grasses in central Kentucky from May to November, 2015 (n=418). Standard 
error of the means was 0.2752 for all months with the exception of 0.3964 in May 
morning. 
 
 
 
Figure 2.2 Harvest date by time of day effects on acid detergent fiber (ADF, % DM) of 
cool season grasses in central Kentucky from May to November, 2017 (n=448). Standard 
error of the means was 0.3484 for all months.  
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Species by Harvest Date by Year Response for ADF 
Within each harvest month, there was a significant species effect across both 
years of the study (Table 2.8). In 2015, Kentucky bluegrass had the highest ADF for the 
months of June through November, with the exception that it was equal with tall fescue in 
October and November (Figure 2.3). In May, Kentucky bluegrass ADF was lower than 
tall fescue and equivalent to perennial ryegrass. Perennial ryegrass had the lowest ADF 
for the months of July, August, and was equivalent to orchardgrass in May, June, 
September, October, and November. Over the sampling season, ADF ranged from 18.1% 
(orchardgrass, November) to 33% (Kentucky bluegrass, September). For the months of 
May through September, ADF was above 25% for all species.  
Similar to 2015, in 2017, Kentucky bluegrass had the highest ADF in May 
through November, with the exception of October (Figure 2.4). In October, Kentucky 
bluegrass was less than tall fescue and equal to orchardgrass and perennial ryegrass. Tall 
fescue was equivalent to orchardgrass and perennial ryegrass in May, June, August, and 
orchardgrass in September and November. In July, orchardgrass had the third highest 
ADF. Perennial ryegrass had the lowest ADF in July, September, and November. Across 
the 2017 sampling season, ADF ranged from 19.5% (perennial ryegrass, November) to 
31.3% (Kentucky bluegrass, July).  
In both years, the general species ranking for ADF from highest to lowest was 
Kentucky bluegrass, tall fescue, orchardgrass, and perennial ryegrass. Primary exceptions 
were in June 2015 and May and June 2017 when perennial ryegrass was equivalent to tall 
fescue and orchardgrass; and in October 2017 when tall fescue showed the highest ADF 
(Figures 2.3 and 2.4). Collins and Casler (1990b) found that orchardgrass often had 
higher ADF than tall fescue (35.2% and 33.5%, respectively) as their plots matured over 
the sampling season. Similarly, Billman and Phillips (2016) found that orchardgrass had 
the highest ADF, tall fescue had the lowest, and perennial ryegrass was variable in 
summer and fall when plants were in a vegetative state. The results from Collins and 
Casler (1990b) and Billman and Phillips (2016) are in contrast with the results found in 
this study. Kentucky bluegrass was found to have consistently higher ADF than the other 
species and orchardgrass was found to have one of the lowest percent ADF, making it a 
higher quality forage than Kentucky bluegrass. 
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Grev et al. (2017) reported that horses had strong preference for spring planted 
annual ryegrass in the vegetative state. Martinson et al. (2016) also reported that horses 
had a grazing preference for mixtures containing perennial ryegrass. This may indicate 
that grasses in the ryegrass (Lolium) genus are a preferred, high quality forage option for 
horses, making them potentially desired grass species to plant in pastures. However, 
previous work by Prince (2017) showed that perennial ryegrass had the highest WSC 
concentrations compared to the other three species in this study, which can be a concern 
for horses.  
Table 2.7 shows that there was a correlation between ADF and WSC with an r 
value (coefficient of correlation) of -0.69436 (p<0.0001) in 2017, however there is no 
correlation between the two in 2015 (r = -0.12152, p<0.3723, Table 2.6). In both 2015 
and 2017, ADF was correlated with ESC at r = -0.5176 (p<0.0001) and r =  -0.75127 
(p<0.0001), respectively. Tall fescue and Kentucky bluegrass were consistently second 
and third in terms of WSC levels (Prince, 2017), however that was in contrast to the fact 
that Kentucky bluegrass was consistently the highest or one of the highest ADF 
concentrations amongst all the species for both years. Despite having consistently low 
ADF values, the high level of NSC found in perennial ryegrass has the potential to cause 
pasture associated laminitis in metabolically challenged horses (Frank et al., 2000; Geor, 
2010; Longland and Byrd, 2006). Planting perennial ryegrass in a mixture with other cool 
season species could ensure that horses are grazing quality forage while reducing the risk 
for high NSC intake. Botanical composition will change over time in a pasture based on 
management and species characteristics. Perennial ryegrass is typically a shorter lived 
species in a mixture setting than other cool season species, therefore, reseeding every two 
years may be necessary to ensure continuation of perennial ryegrass in mixed stands.  
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Figure 2.3 Species by harvest date effects on acid detergent fiber (ADF, % DM) of cool 
season grasses in central Kentucky from May to November, 2015 (n=418). Results are 
sorted by harvest date such that each harvest date has a separate analysis. Means with the 
same letter are not significantly different within a harvest date at p<0.05.  
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Figure 2.4 Species by harvest date effects on acid detergent fiber (ADF, % DM) of cool 
season grasses in central Kentucky from May to November, 2017 (n=448). Results are 
sorted by harvest date such that each harvest date has a separate analysis. Means with the 
same letter are not significantly different within a harvest date at p<0.05. 
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Neutral Detergent Fiber Interactions 
There were two significant three-way interactions for neutral detergent fiber 
(NDF): harvest date by time of day by year (p<0.0002) and species by harvest date by 
year (p<0.0001). Data was separated by year and further sorted by harvest date 
(p<0.0001) for clarity (Table 2.8). 
Harvest Date by Time of Day by Year Response for NDF 
Within the 2015 sampling season, NDF was consistently higher in the morning 
compared to the afternoon (Figure 2.5) and ranged from 39.6% (November, afternoon) to 
59.7% (July, morning). NDF exhibited the same graphical trends as ADF. This was 
expected due to the fact that the two are closely associated, differing only in 
hemicellulose concentration (Jung and Allen, 1995). Acid detergent fiber and NDF 
showed a correlation based on the r value of 0.9683 (p<0.0001), indicating that they 
shared a strong relationship (Table 2.6, a perfect relationship has an r = 1). Similar to 
ADF, NDF also started higher in May 2015 than in 2017. May 2015 morning had 59.6% 
NDF compared to 53.5% in May 2017 (Figure 2.6). As previously discussed, maturity 
ratings for all four species were similar for both years; therefore, the higher NDF in 2015 
was likely a result of weather conditions and more GDDa.  
Similar to 2015, in 2017 NDF was higher in the morning compared to the 
afternoon, with the exception of November (Figure 2.6). Neutral detergent fiber ranged 
from 43.4% (June, afternoon) to 58.8% (July, morning). Neutral detergent fiber mirrored 
the graphical trends of ADF from 2017. Acid detergent fiber and NDF were correlated at 
0.9312 (p<0.0001), indicating that they shared a strong relationship, although not as 
strong as in 2015 (Table 2.7). Cooler temperatures and adequate rainfall prior to the June 
harvest can be attributed to the decrease in NDF concentration from May to June, also 
seen in ADF. October morning NDF was consistent from September, while the afternoon 
NDF decreased. By November, morning NDF decreased and was not different from 
afternoon.  
Over a two-year sampling period, Collins and Casler (1990b) found that NDF 
increased initially during the growing season but then stabilized or declined slightly as 
the season progressed. The extent of this trend seemed to be dependent on environmental 
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conditions in their research; May of the second sampling year was much warmer and 
received more precipitation, potentially contributing to more rapid development and 
consequently higher NDF (Collins and Casler, 1990b). Buxton (1996) agrees that higher 
temperatures are usually associated with higher NDF concentrations. In May 2017 of this 
study, more precipitation and cooler temperatures resulted in a decreased NDF in 
comparison to 2015. 
In both years of this study, NDF decreased from May to June and then increased 
and stabilized during the summer months until it declined in October and November 
(Figures 2.5 and 2.6). These results contrast with the initial results from Collins and 
Casler (1990b) who found that NDF increased initially, however they agree with later 
sampling results when NDF stabilizes or decreases. A key difference between Collins and 
Casler’s (1990b) research and this study was that their plots were allowed to mature 
while these plots were consistently mowed and not allowed to mature. Fisher and 
coworkers (1999 and 2002) reported lower NDF values in afternoon cut hay compared to 
morning cut hay, consistent with the lower NDF found in this experiment.  
Neutral detergent fiber is negatively correlated with voluntary intake (Ball et al., 
2015). In addition to decreasing quality, high NDF values limit the amount of forage an 
animal can consume, potentially affecting the animal’s ability to consume sufficient 
quantities to meet their energy demands (Jung and Allen, 1995). Buxton (1996) reported 
average cool season grass NDF values were 70% when the plants were at the flowering 
stage compared to about 50% in the leaves. The NDF values in this study were lower 
than forages not maintained in a vegetative state due to the increased leaf:stem ratio (Jung 
and Allen, 1995). In a similar study where plots were maintained vegetatively, NDF 
values were below 61% for annual species (Grev et al., 2017). Billman et al. (2017) 
reported NDF mean of 53.9% for all vegetative cool season species across two years in 
their study. In 2015 for this study, the mean NDF was 52.4% and in 2017 the mean was 
51.5%, and as low as 40% NDF at the October and November afternoon sampling in 
2015. Horses grazing forages with lower NDF values could consume more forage, thus 
allowing the animal opportunity to consume sufficient quantities to meet their nutritional 
demands and potentially decreasing the need for supplementation. For horses with the 
potential for metabolic issues such as pasture associated laminitis, grazing vegetative 
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pastures with low ADF and NDF values may allow them access to more forage and 
higher amounts of NSC than they should consume.  
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Figure 2.5 Harvest date by time of day effects on neutral detergent fiber (NDF, % DM) of 
cool season grasses in central Kentucky from May to November, 2015 (n=418). Standard 
error of the means was 0.4945 for all months with the exception of 0.7187 in May 
morning. 
 
 
 
Figure 2.6 Harvest date by time of day effects on neutral detergent fiber (NDF, % DM) of 
cool season grasses in central Kentucky from May to November, 2017 (n=448). Standard 
error of the means was 0.6726 for all months. 
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Species by Harvest Date by Year Response for NDF 
Within each harvest month over both years, there was a significant species effect 
(Table 2.8). In 2015, Kentucky bluegrass had the highest NDF for the months of June to 
November, with the exception that it was equal to tall fescue in October (Figure 2.7). Tall 
fescue had the highest NDF for the month of May. Perennial ryegrass had the lowest 
NDF across the whole sampling season, with the exception of June and September when 
it was equal to orchardgrass. Tall fescue was consistently higher than orchardgrass 
throughout the sampling season, with the exception of June when they were equal. Over 
the sampling season, NDF ranged from 37.9% (perennial ryegrass, November) to 62.6% 
(Kentucky bluegrass, September).  
Similarly, in 2017, Kentucky bluegrass had the highest NDF May through 
September, with the exception that it was equivalent to orchardgrass in August and 
September (Figure 2.8). Tall fescue and orchardgrass were higher than Kentucky 
bluegrass in October; orchardgrass was higher in November.  Perennial ryegrass 
consistently had the lowest NDF June to November, with the exception of August and 
October when it was equivalent to tall fescue and Kentucky bluegrass, respectively. In 
May, tall fescue, orchardgrass, and perennial ryegrass were all equivalent for NDF and 
less than Kentucky bluegrass. Despite regular mowing to maintain vegetative swards, it 
was observed that stem elongation and seed head formation was occurring in Kentucky 
bluegrass and perennial ryegrass in May (data not shown), potentially contributing to 
high NDF in Kentucky bluegrass and the fact that perennial ryegrass NDF was equal to 
orchardgrass and tall fescue on this sampling date. Neutral detergent fiber ranged from 
40.4% (perennial ryegrass, November) to 60.2% (Kentucky bluegrass, July).  
In both years there was a general trend in NDF across species, although not as 
consistent as with ADF. Kentucky bluegrass had the highest NDF, followed by tall 
fescue, orchardgrass, and perennial ryegrass for the sampling season in 2015 with the 
exception of May and October (Figure 2.7). This general trend was observed in May, 
June, and July during the 2017 sampling season (Figure 2.8). In 2017, orchardgrass had 
the highest NDF in November and was equal to Kentucky bluegrass in August, 
September, and October. Similarly, Billman and Phillips (2016) reported that 
orchardgrass had the highest NDF in 5 out of 6 harvests. Billman and Phillips (2016) and 
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Collins and Casler (1990b) also reported that tall fescue had the lowest NDF, which was 
not consistent with the results in this study for both 2015 and 2017. When maintained 
vegetatively, Billman and Phillips (2016) found that species differences in NDF ranged 
3% to 5%, which contrasted with the large range of differences (7% to 10%) found in this 
study for 2015 and 2017. This may have been partly dependent on the cultivars used 
within each species in these two research studies and the fact that Billman and Phillips 
(2016) mowed every 4-5 weeks, while the stands were mowed every 2-4 weeks in this 
study.  
Despite Kentucky bluegrass having higher NDF than the other cool season 
species in this study, other experiments have reported horse grazing preference for 
Kentucky bluegrass (Martinson et al., 2016). Martinson et al. (2016) also found 
preference for tall fescue and perennial ryegrass and reported that horses had less 
preference for cool season mixtures containing more than 30% orchardgrass. While 
Billman and Phillips (2016) found orchardgrass to have the highest NDF values in their 
experiment, this study found that orchardgrass was generally lower than other cool 
season species. Olson et al. (2014) reported grazing horses had a preference for other cool 
season species such as orchardgrass, timothy, and Kentucky bluegrass over tall fescue. 
Horses grazing pastures that are largely composed of Kentucky bluegrass may have a 
preference for this species, however due to higher NDF values they may not be able to 
consume enough to meet their nutrient requirements, requiring additional, costly 
supplementation to maintain performance level.  
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Figure 2.7 Species by harvest date effects on neutral detergent fiber (NDF, % DM) of 
cool season grasses in central Kentucky from May to November, 2015 (n=418). Results 
are sorted by harvest date such that each harvest date has a separate analysis. Means with 
the same letter are not significantly different within a harvest date at p<0.05.  
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Figure 2.8 Species by harvest date effects on neutral detergent fiber (NDF, % DM) of 
cool season grasses in central Kentucky from May to November, 2017 (n=448). Results 
are sorted by harvest date such that each harvest date has a separate analysis. Means with 
the same letter are not significantly different within a harvest date at p<0.05.  
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In vitro True Dry Matter Digestibility Interactions 
There were two significant three-way interactions for in vitro true dry matter 
digestibility (IVTDMD): harvest date by time of day by year (p<0.0027) and species by 
harvest date by year (p<0.0001). Data was separated by year and further sorted by harvest 
date (p<0.0001) for clarity (Table 2.8). 
Harvest Date by Time of Day by Year Response for IVTDMD 
In 2015, IVTDMD ranged from 68.9% (August, morning) to 93.4% (November, 
afternoon) across the sampling season (Figure 2.9). Although these NIRS predicted 
IVTDMD values were very high, they were similar to values reported in the literature. 
Jensen et al. (2003) reported perennial ryegrass digestibility values as high as 92.5% 
when averaged across harvest dates. Afternoon digestibility was higher than the morning 
with the exception of July when they were equal. In vitro true dry matter digestibility 
increased from May to June, then declined until September, and rapidly increased in 
October and November.  
In 2017 IVTDMD ranged from 73% (September, morning) to 86.8% (November, 
afternoon) across the sampling season (Figure 2.10). Afternoon IVTDMD was higher 
than the morning with the exception of November, when they were equal. Similar to 
2015, IVTDMD increased from May to June, declined to September, and steadily 
increased in October and November.  
Generally, both years exhibit the same IVTDMD trend across the sampling 
season. Digestibility increased from May to June, decreased during the summer months 
of July through September, and then rapidly increased in October and November (Figures 
2.9 and 2.10). In May 2017, IVTDMD was 5% higher than May 2015. The lower ADF 
and NDF in May 2017 in comparison to 2015 contributed to the higher overall 
digestibility in 2017. It was expected that changes in ADF and NDF would reflect in the 
overall digestibility of the plant (Morrison, 1980). Acid detergent fiber and NDF were 
strongly negatively correlated with IVTDMD in 2015 (r = -0.90576, r = -0.94155, 
respectively) and 2017 (r = -0.7796, r = -0.7823; Tables 2.6 and 2.7, respectively). The 
summer months in both years had reduced IVTDMD which was most likely due to the 
increase in ADF and NDF during those months in addition to warmer temperatures. 
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When fall regrowth initiates in October, IVTDMD rapidly increased to the highest values 
for the season.  
In both years, afternoon IVTDMD was greater than the morning, with the 
exception of July 2015 and November 2017 when they were the same. Studies by Fisher 
et al. (2002) and Fisher et al. (1999) showed an increase in IVTDMD in afternoon cut hay 
compared to morning cut hay. The difference in these studies was as little as 1.5%, in 
contrast to the greater differences seen in this study of 3 to 10%. Variation in ranges 
could be due to environmental factors such as temperature and precipitation, but more 
likely the fact that this study was maintained at a vegetative stage and was evaluating 
fresh forage rather than dried hay. To maximize forage utilization, horses should graze in 
the afternoon when ADF and NDF are lower and IVTDMD is higher. This allows the 
horse the ability to access sufficient nutrients from the forage, potentially decreasing the 
need for supplementation. However, grazing in the afternoon also gives horses access to 
the highest NSC values throughout the day, which could lead to an increased risk for 
pasture associated laminitis (Frank et al., 2000; Geor, 2010; Longland and Byrd, 2006). 
While this study used IVTDMD, it is only an approximation of digestibility when 
discussing the horse, due to the fact that it is determined with rumen fluid rather than 
equine specific digestion methods. Recent studies have examined the potential for using 
horse feces as inoculum for digestibility estimations, however this method is still being 
perfected and results are not as consistent as traditional IVTDMD measurements (Bill, 
2018; Earing et al., 2010). 
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Figure 2.9 Harvest date by time of day effects on in vitro true dry matter digestibility 
(IVTDMD, % DM) of cool season grasses in central Kentucky from May to November, 
2015 (n=418). Standard error of the means was 0.5675 for all months with the exception 
of 0.8154 in May morning. 
 
 
 
 
Figure 2.10 Harvest date by time of day effects on in vitro true dry matter digestibility 
(IVTDMD, % DM) of cool season grasses in central Kentucky from May to November, 
2017 (n=448). Standard error of the means was 0.7132 for all months.  
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Species by Harvest Date by Year Response for IVTDMD 
Within each harvest month across both years, there is a significant species effect 
for IVTDMD (Table 2.8). 
In 2015, perennial ryegrass had the highest digestibility across the sampling 
season with the exception of September when it was less than tall fescue and equal to 
orchardgrass (Figure 2.11). Kentucky bluegrass had the lowest digestibility of all the 
species with the exception of May and October when it was equivalent with tall fescue 
and orchardgrass. Tall fescue and orchardgrass were variable across the season. In vitro 
true dry matter digestibility ranged from 63.4% (September, Kentucky bluegrass) to 
95.9% (November, perennial ryegrass).  
Similarly, in 2017 perennial ryegrass and tall fescue had the highest IVTDMD 
across the season with the exception of July, August, and November when they were 
different (Figure 2.12). Kentucky bluegrass and orchardgrass had the lowest digestibility 
throughout the sampling season with the exception of October. Over the sampling season, 
IVTDMD ranged from 67.3% (August, orchardgrass) to 93.6% (November, perennial 
ryegrass).   
Collins and Casler (1990b) found that tall fescue and orchardgrass averaged 
63.5% and 61.5% digestibility over the season, respectively. While they were 
significantly different in that study, tall fescue and orchardgrass were not different in this 
study in 2015 with the exception of September and November when tall fescue was more 
digestible. In 2017, tall fescue was consistently more digestible than orchardgrass, similar 
to the findings of Collins and Casler (1990b). Their values were relatively low compared 
to the monthly averages in this study since the Collins and Casler (1990b) experiment 
was allowed to mature. Terry and Tilley (1964) measured the IVDMD of orchardgrass 
and perennial ryegrass over several maturity stages and sampling dates. They found that 
as orchardgrass matured, leaf blade digestibility decreased from April to July (79% to 
66%), with the greatest decrease from May to June. Five cuttings of perennial ryegrass 
over approximately 7 weeks showed only a slight decrease in leaf blade digestibility from 
83% to 79%. Compared to orchardgrass, perennial ryegrass had higher leaf blade and 
overall digestibility, which was consistent with the results of this study (Terry and Tilley, 
1964).  
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Billman (2015) found that vegetative orchardgrass was lower in digestibility than 
perennial ryegrass or festulolium (but not tall fescue, which was lowest in ADF and 
NDF) despite consistently having high ADF and NDF. Consistent with the results of this 
study, Billman (2015) found that perennial ryegrass showed one of the highest 
digestibilities among the species in his experiment. Jensen et al. (2003) reported perennial 
ryegrass digestibility values as high as 92.5% when averaged across harvest dates; similar 
to the high digestibility values seen for perennial ryegrass in October and November of 
this study. Coupled with reported horse preference for ryegrass species (Martinson et al., 
2016), perennial ryegrass could be a beneficial pasture grass, although overgrazing can be 
detrimental to its persistence in pastures, especially in areas with hot summers (Casler 
and Kallenbach, 2007). Low ADF, NDF, and high IVTDMD in perennial ryegrass could 
lead to increased intake and nutrient availability, allowing the animal the opportunity to 
consume enough forage to meet their nutrient requirements, however, this also could lead 
to the potential of the animal consuming NSC in excess. For horses that may be 
metabolically challenged, excess NSC consumption could lead to pasture associated 
laminitis (Frank et al., 2000; Geor, 2010; Longland and Byrd, 2006).  
Kentucky bluegrass had the lowest digestibility of the cool season species in this 
study. This trend was consistent with the high ADF and NDF values seen in both 2015 
and 2017 for Kentucky bluegrass. In 2015, IVTDMD correlated strongly with both ADF 
and NDF, r = -0.90576 (p<0.0001) and r = -0.94155 (p<0.0001), respectively (Table 2.6). 
In 2017, IVTDMD was correlated with ADF and NDF, although not as strongly as in 
2015; r = -0.7796 (p<0.0001) and r = -0.7823 (p<0.0001), respectively (Table 2.7). 
Although Martinson et al. (2016) reported horse preference for Kentucky bluegrass, 
forage quality was not as high as other cool season species and therefore could potentially 
limit horse performance if all nutritional requirements were not met by grazing alone. 
Martinson et al. (2016) also reported horse grazing preference for tall fescue. Despite 
variable digestibility in 2015, tall fescue was equal to perennial ryegrass for IVTDMD 
during most of the growing season in 2017, potentially making tall fescue a good 
alternative or supplementation to perennial ryegrass in pastures, as it was of similar 
quality and preference, but not as high in NSC (Prince, 2017).  
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Figure 2.11 Species by harvest date effects on in vitro true dry matter digestibility 
(IVTDMD, % DM) of cool season grasses in central Kentucky from May to November, 
2015 (n=418). Results are sorted by harvest date such that each harvest date has a 
separate analysis. Means with the same letter are not significantly different within a 
harvest date at p<0.05.
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Figure 2.12 Species by harvest date effects on in vitro true dry matter digestibility 
(IVTDMD, % DM) of cool season grasses in central Kentucky from May to November, 
2017 (n=448). Results are sorted by harvest date such that each harvest date has a 
separate analysis. Means with the same letter are not significantly different within a 
harvest date at p<0.05.  
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Crude Protein Interactions 
There were two significant three-way interactions for crude protein (CP): harvest 
date by time of day by year (p<0.0001) and species by harvest date by year (p<0.0001). 
Data was separated by year and further sorted by harvest date (p<0.0001) for clarity 
(Table 2.8).  
Harvest Date by Time of Day by Year Response for CP 
 In 2015, CP ranged from 10.8% (May, morning) to 26.9% (October, morning). 
Morning and afternoon samples were equal with the exception of August, October, and 
November when morning CP was higher than afternoon CP (Figure 2.13). Crude protein 
was lowest in May, increased through June and July, decreased to September, and then 
spiked in October.  
 In 2017 CP ranged from 15.4% (August, afternoon) to 21.8% (June, morning). 
Morning and afternoon samples were different across the sampling season with the 
exception of May and August when morning CP was equal to the afternoon (Figure 2.14). 
Morning CP was consistently higher than the afternoon with the exception of October 
when the afternoon was higher. Crude protein increased from May to June, decreased to 
August, then increased and plateaued in October and November in the morning; in the 
afternoon crude protein decreased in November.  
 Buxton (1996) reported that cool season grasses average 13% CP and many 
higher quality forages have higher values than that. In this study, all sampling months 
met or exceeded this reported average (Buxton, 1996) with the exception of May 2015. In 
Billman and Phillips’ (2017) research CP ranged from 18.4% to 22.1% throughout the 
spring and summer when plots were mowed regularly to maintain vegetative swards. This 
range was very similar to the range seen in 2017 of this study. Fisher et al. (1999) found 
an increase in CP in afternoon over morning cut hay, which was inconsistent with the 
results of this study, where crude protein was only greater in the afternoon in October of 
2017. 
For an adult, 500 kg horse who is in average maintenance, the CP requirement in 
their diet is 6.3%; a horse in moderate exercise requires 6.8% CP in their total diet (DM 
basis, Table 1.1). These requirements would easily be met by any of the CP levels in the 
sampling months of 2015 and 2017. In some cases, the level of CP available when 
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grazing vegetative cool season grasses may exceed requirements. This could lead to 
potential problems for horses that graze and are then stalled for some portion of the day. 
A study by Weir et al. (2017) has shown that excess crude protein in the diet can increase 
the amount of urea-N excreted in the urine. The excess urinary N excreted in a stall 
setting will interact with the feces present, causing the volatization of ammonia (NH3). 
Ammonia can be found in high concentrations near barn and stall floors and has been 
associated with foal pneumonia and may predispose horses to inflammatory airway 
diseases (Weir et al., 2017). If the horse is maintained outside, then the concern for 
ammonia build up and inhalation is minimal.  
 For an adult mare in her first month of lactation, 12.28% CP is required (Table 
1.1). This would be met by grazing throughout 2017, however in 2015, May CP levels 
were lower than the requirement for this class of horse. If grazing was the sole supply of 
nutrients for this horse, her dietary needs would not have been met in May 2015 and 
supplementation with concentrate or hay would be necessary.  
Webber (1993) found that CP decreased in the leaves when the plant was allowed 
to mature from 76 days after planting (DAP) to 99 DAP. Typically, leaf blades can have 
twice as much CP than the stem (Buxton, 1996). The seasonal CP fluctuations in 2015 in 
this study were associated with the changes seen in ADF, NDF, and IVTDMD with 
correlation coefficients of -0.8647 (p<0.0001), -0.75963 (p<0.0001), and 0.7858 
(p<0.0001), respectively (Table 2.6). When IVTDMD increased in October and 
November of 2015, CP increased as well (Figure 2.14). Crude protein is more variable 
and correlates less strongly with ADF, NDF, and IVTDMD in 2017, with r values of -
0.51535 (p<0.0001), -0.49124 (p<0.0001), and 0.34131 (p<0.05), respectively (Table 
2.7). Van Soest (1967) reported that crude protein is largely dependent on nitrogen 
fertilization; given the fertilization regiment for the plots in this study, it is possible that 
the high CP levels are due to consistent fertilization. Under management similar to this 
study, pastures could be expected to produce CP that satisfies the requirements of the 
horse.    
  
 
 
 
 
58 
 
Figure 2.13 Harvest date by time of day effects on crude protein (CP, % DM) of cool 
season grasses in central Kentucky from May to November, 2015 (n=418). Standard error 
of the means was 0.2996 for all months with the exception of 0.4167 in May morning. 
Nitrogen applied in March, May, and August. 
 
 
 
 
Figure 2.14 Harvest date by time of day effects on crude protein (CP, % DM) of cool 
season grasses in central Kentucky from May to November, 2017 (n=448). Standard error 
of the means was 0.2732 for all months. Nitrogen applied in March, May, and August. 
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Species by Harvest Date by Year Response for CP 
Within each harvest month across both years, there was a significant species 
effect for crude protein (Table 2.8). Over the 2015 sampling season, CP ranged from 
9.7% (May, perennial ryegrass) to 27.6% (October, orchardgrass; Figure 2.15). 
Orchardgrass had the highest CP May through November, with the exception of August 
and it was equal with tall fescue in June and perennial ryegrass in June, July, October, 
and November. With the exception of May, October, and November, Kentucky bluegrass 
had the lowest CP (Figure 2.15). Tall fescue and perennial ryegrass were variable across 
the sampling season. New vegetative growth in October and November caused an 
increase in CP at the same time as IVTDMD increased and ADF and NDF decreased.  
In 2017 CP ranged from 14.2% (August, Kentucky bluegrass) to 22.5% (June, tall 
fescue) over the sampling season (Figure 2.16). Orchardgrass had the highest CP in July 
and August and was equal to tall fescue in June and perennial ryegrass in November. 
Kentucky bluegrass had the lowest CP across the sampling season with the exception of 
October and November when it was higher that tall fescue. In September, Kentucky 
bluegrass was equal to both tall fescue and orchardgrass, and in August it was equal to 
perennial ryegrass (Figure 2.16). Perennial ryegrass and tall fescue were variable 
throughout the sampling season.  
In a similar study that examined horse preference and forage quality factors in 
vegetative grasses (Allen et al., 2013), perennial ryegrass was found to consistently have 
the highest CP followed by tall fescue, while orchardgrass and Kentucky bluegrass were 
lowest. The CP values found by Allen et al. (2013) were all higher than expected and 
would exceed the amount of CP needed by a 500kg mature horse in moderate exercise 
(6.8%, Table 1.1). Similarly, the CP values found in this study were higher than expected 
and, with a few exceptions, would exceed the CP requirement for a lactating mare (12.3% 
CP, Table 1.1) and often meet the requirements for a growing foal (15.9% CP, Table 1.1). 
Higher CP can be attributed to regular mowing to maintain vegetative swards (Allen et 
al., 2013). Billman (2015) also found relatively high CP levels in five out of six trials, 
although there were no clear trends among species. He attributes high CP levels in his 
study is attributed to uniform fertilization after every grazing session, rather than 
maintaining the stand in a vegetative stage, though obviously both would be factors.  
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Berdahl et al. (2001) reported that cool season grass dry matter yields more than 
doubled in the 5th and 6th years after establishment when fertilized with 50 kg N ha-1. 
Nitrogen fertilization is important for stand vigor in pastures, as it can encourage 
competition in desired species against any weeds. Results from this study suggest that 
uniform, timely fertilization produces swards with adequate percent CP, despite variables 
within species. In pastures that are maintained vegetatively, species may not influence CP 
level, therefore species could be chosen with more influence on ADF, NDF, and 
IVTDMD. For pastures that are allowed to mature, species could potentially make a 
difference in percent CP. Darlington and Hershberger (1968) reported that as 
orchardgrass matured, CP decreased from 14% to 6.53% in as little as 20 days. Gillen and 
Berg (2005) reported that CP decreased 4 – 10% from April to June as cool season plants 
matured. Buxton (1996) reported that as forages mature, CP can decrease by as much as 
0.1% per day, and when adequate nitrogen is applied, CP can decrease by 0.4% per day.   
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Figure 2.15 Species by harvest date effects on crude protein (CP, % DM) of cool season 
grasses in central Kentucky from May to November, 2015 (n=418). Results are sorted by 
harvest date such that each harvest date has a separate analysis. Means with the same 
letter are not significantly different within a harvest date at p<0.05. Nitrogen applied in 
March, May, and August.  
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Figure 2.16 Species by harvest date effects on crude protein (CP, % DM) of cool season 
grasses in central Kentucky from May to November, 2017 (n=448). Results are sorted by 
harvest date such that each harvest date has a separate analysis. Means with the same 
letter are not significantly different within a harvest date at p<0.05. Nitrogen applied in 
March, May, and August.   
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Cultivar by Harvest Date Effects on ADF 
For the sake of brevity, cultivar trends from this research were only discussed for 
ADF, since it is an important measure of the digestibility of forage species. The relative 
trends between ADF and NDF were similar due to the link between the two factors (Jung 
and Allen, 1995).  
In both 2015 and 2017, there was a cultivar by harvest date effect on ADF (Tables 
2.11 and 2.12, respectively). As discussed previously, Kentucky bluegrass had the highest 
ADF for the majority of the harvest season in 2015, while perennial ryegrass had the 
lowest ADF or was in the lowest statistical grouping with orchardgrass (Figure 2.3). The 
cultivar analysis reflects these trends with Kentucky bluegrass Barderby and Ginger 
consistently having the highest ADF values among all eight cultivars, while perennial 
ryegrass Aberzest and Linn were consistently among the lowest ADF. Both orchardgrass 
cultivars, Persist and Quickdraw, showed similar ADF values in comparison perennial 
ryegrass through much of the growing season (Table 2.11).  
There were cultivar differences within species throughout 2015. These differences 
were most consistent with perennial ryegrass, as Aberzest showed lower ADF in 
comparison to Linn, with the exception of October and November. The relative 
difference between these cultivars was greatest in May with ADF for Aberzest at 28.1% 
and Linn at 33.0% (Table 2.11). Both tall fescue and Kentucky bluegrass showed cultivar 
differences at three of the 7 sampling dates. Barderby Kentucky bluegrass had higher 
ADF than Ginger from September through November, and Cajun II tall fescue showed 
higher ADF than Bronson in July, September, and October. Interestingly, there were no 
ADF differences between orchardgrass cultivars, with the exception of August when 
Persist was higher than Quickdraw.    
Similar to 2015, in 2017, Kentucky bluegrass was highest for ADF, tall fescue 
was often equal with orchardgrass, and perennial ryegrass was lowest for much of the 
season (Figure 2.4). The cultivar analysis also reflected these trends, especially 
considering that Aberzest perennial ryegrass was always in the lowest grouping for ADF. 
Barderby and Ginger Kentucky bluegrass were the two highest cultivars for ADF with 
the exception of November when Ginger was lower and equal to Aberzest and Linn 
(Table 2.12). Bronson and Cajun II tall fescue were always equal to each other, but 
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variable throughout the season, often equal to Persist or Quickdraw orchardgrass as well. 
With the exception of September, October, and November, Linn perennial ryegrass had 
higher ADF compared to Aberzest.  
Cultivar trends for NDF were similar to the species trends previously discussed, 
attributed to the association between ADF and NDF (Jung and Allen, 1995). There was a 
consistently higher NDF for all cultivars in the morning in contrast to the afternoon. In 
contrast to the results from this research, Billman et al. (2017) did not find ADF or NDF 
differences between cultivars of orchardgrass, perennial ryegrass, and tall fescue. This 
was surprising since Billman’s research plots were also managed to maintain a vegetative 
growth stage, though his defoliation interval averaged 4-5 weeks, in comparison to the 2-
4 week interval in this study.   
Although this study found cultivar differences within species, these results differ 
from those of other studies. While Billman et al. (2017) did not find any cultivar 
differences within species for ADF or NDF, some cultivar differences were reported by 
Collins and Casler (1990a). These authors reported cultivar differences within smooth 
bromegrass, orchardgrass, and timothy species for IVDMD, however did not detect 
cultivar differences within tall fescue and reed canarygrass (Collins and Casler, 1990a). 
They also reported cultivar differences in orchardgrass, tall fescue, and timothy when 
measured for N concentration, however this was attributed to maturation differences 
between cultivars (Collins and Casler, 1990a). In addition, only smooth bromegrass 
cultivars differed in NDF and ADF content, by 2.7% and 1.6%, respectively (Collins and 
Casler, 1990a). While Collins and Casler (1990a) found some differences in cultivars, 
their plots were allowed to mature to reproduction, while the plots in this study were kept 
vegetative. Further research into cultivar differences would be needed to determine if 
differences are consistent and could impact animal performance.  
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Table 2.11 Cultivar by harvest date effects on acid detergent fiber (ADF, % DM) of cool 
season grasses in central Kentucky from May to November, 2015. 
 
Means with the same letter within a column are not significantly different within a harvest date at p < 0.05.  
 
 
 
 
Table 2.12 Cultivar by harvest date effects on acid detergent fiber (ADF, % DM) of cool 
season grasses in central Kentucky from May to November, 2017. 
 
 Means with the same letter within a column are not significantly different within a harvest date at p < 0.05. 
 
  
Species Cultivar May June July August September October November 
Kentucky 
bluegrass 
Barderby 31.3b 31.5a 32.8a 30.9a 33.9a 23.2a 23.6a 
Ginger 30.7bc 31.5a 32.7a 31.1a 32.0b 20.9b 20.8b 
Tall fescue Bronson 31.8ab 28.7bc 30.1c 29.9bc 28.5d 21.1b 21.8b 
Cajun II 32.9a 29.8b 31.6b 30.5ab 29.9c 22.7a 21.8b 
Orchardgrass Persist 30.7bc 28.1c 29.0d 29.2c 26.1ef 18.2c 17.9c 
Quickdraw 29.9c 27.4c 29.6cd 27.8d 25.4f 18.5c 18.2c 
Perennial 
ryegrass 
Aberzest 28.1d 27.0c 26.4e 25.6f 25.6f 18.9c 18.1c 
Linn 33.0a 29.7b 28.9d 26.7e 26.7e 18.5c 18.1c 
Species Cultivar May June July August September October November 
Kentucky 
bluegrass 
Barderby 29.5a 25.9b 31.0ab 31.3a 28.2a 27.2a 28.7a 
Ginger 29.7a 27.4a 31.7a 30.5ab 27.2abc 22.3d 19.5e 
Tall fescue Bronson 26.0bc 22.4c 30.3bc 28.7c 26.4cd 25.8ab 23.8bc 
Cajun II 26.5bc 23.4c 30.7ab 29.0c 27.8ab 27.2a 22.7cd 
Orchardgrass Persist 25.0c 22.8c 29.6c 28.8c 26.3cd 25.2bc 24.0b 
Quickdraw 25.3c 23.0c 28.4d 29.3bc 26.8bc 25.3bc 22.1d 
Perennial 
ryegrass 
Aberzest 25.1c 21.0d 25.6e 26.8d 25.0e 23.2d 19.8e 
Linn 27.4b 24.9b 28.2d 28.8c 25.7de 23.9cd 19.3e 
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2017 IVTDMD Correlation with WSC and ESC 
Correlation relationships between WSC, ESC, and forage quality will be 
discussed for IVTDMD, as they exhibited the strongest relationships of all quality factors 
evaluated in this study. 
In 2017, IVTDMD exhibited strong correlation relationships with both WSC and 
ESC. There was a positive correlation between IVTDMD and WSC with an r value of 
0.83127 (p<0.0001) indicating a strong, positive relationship between these quality 
variables (Figure 2.17; Table 2.7).  The association between IVTDMD and ESC was even 
higher with an r value of 0.88758 (p<0.0001) (Figure 2.18; Table 2.7). These positive 
correlations show that digestibility increased as nonstructural carbohydrates increased in 
these cool season grass stands in 2017.  
In 2015, the relationship between IVTDMD and WSC and ESC were not as 
strong as 2017. The r value between IVTDMD and ESC was only 0.63405 (p<0.0001) 
indicating a weaker relationship between these variables (Table 2.6) and the r value 
between IVTDMD and WSC was 0.21186 (p<0.117) showing that there was no 
relationship between these quality variables in 2015. The low correlation coefficients in 
2015 may reflect the interacting relationships between IVTDMD, nonstructural 
carbohydrates, ADF, NDF, and environmental conditions. In 2017, growing season 
precipitation was almost double the total precipitation in 2015 at 1,322mm and 674mm, 
respectively (Tables 2.4 and 2.5). Previous studies that investogated the differences in 
NSC and forage quality have found that as NSC increased throughout the day, 
digestibility increased as well (Fisher et al., 2002; Mayland et al., 1998). The increased 
precipitation in 2017 may have led to more succulent leaf growth throughout the growing 
season, leading to both high digestibility and high nonstructural carbohydrates. As 
mentioned previously, high levels of NSC (greater than 10%) have been linked to 
laminitis in horses grazing pasture (Frank et al., 2000; Geor, 2010; Longland and Byrd, 
2006).  
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Figure 2.17 In vitro true dry matter digestibility (IVTDMD, % DM) correlation with 
water soluble carbohydrates (WSC, % DM) of cool season grasses in central Kentucky 
from May to November 2017 (n=56).   
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Figure 2.18 In vitro true dry matter digestibility (IVTDMD, % DM) correlation with 
ethanol soluble carbohydrates (ESC, % DM) of cool season grasses in central Kentucky 
from May to November 2017 (n=56).  
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2.3 Conclusions 
 
In conclusion, the results from this research confirmed that acid detergent fiber, 
neutral detergent fiber, in vitro true dry matter digestibility, and crude protein levels in 
vegetative swards are dependent on a number of factors including species, cultivar, time 
of day, and harvest date. In 2015 and 2017, ADF and NDF values were significantly 
higher in the morning in comparison with the afternoon and variable across the growing 
season (Table 2.8). With a few exceptions, IVTDMD was higher in the afternoon and had 
the highest concentrations in October and November for both years. In contrast to the 
other quality measures, percent crude protein values were inconsistent across both years. 
There were significant species effects for all quality factors in both 2015 and 2017. The 
relative ranking for ADF and NDF from highest to lowest was Kentucky bluegrass, tall 
fescue, orchardgrass, and perennial ryegrass. Generally, IVTDMD was highest in 
perennial ryegrass, variable in tall fescue and orchardgrass, and lowest in Kentucky 
bluegrass. Perennial ryegrass, orchardgrass, and tall fescue were variable for percent CP 
in both years, however Kentucky bluegrass generally had the lowest CP. Cultivar effects 
were most consistent for perennial ryegrass, with Aberzest showing lower ADF than Linn 
for the majority of harvests. In 2017, IVTDMD had strong correlation relationships with 
water soluble carbohydrates and ethanol soluble carbohydrates. Correlation relationships 
between forage quality factors, WSC, and ESC were variable across both years, 
indicating that WSC and ESC should be quantified separately from other forage quality 
factors. Since forage quality in vegetative cool season grass pastures varies seasonally, 
between species, and time of day, it should be ideally monitored with pasture sampling in 
the spring, summer, and fall. The results of this research showed that vegetative perennial 
cool season grasses consistently maintain the forage quality required to meet the 
nutritional needs for most classes of horses. 
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2.4 Future Implications 
 
Results from this study showed lower WSC and ESC levels in vegetative cool 
season grasses than have previously been reported in the literature (Jensen et al., 2014). 
Differences from previous studies may be due to both biological considerations and 
laboratory procedures. Grasses in this study were mowed every 2 – 4 weeks to maintain 
vegetative swards, potentially limiting the amount of stored NSC. Frequent defoliation 
can reduce NSC reserves in pseudostems and leaves. The laboratory procedures used for 
determining WSC and ESC in this study were very precise (Kagan et al., 2018), however 
they could have been different from those used in other research, potentially yielding 
lower reportable NSC values. Some laboratory methods for WSC can cause the 
breakdown of structural carbohydrates that would result in elevated WSC values. In 
addition, many questions have been asked about the complete cycle of diurnal changes in 
NSC. In future studies, we recommend a third, evening (8pm) sampling to provide a 
more complete picture of the diurnal fluctuation in NSC levels. Future studies and more 
data are needed to confirm trends and correlations, preferably in consecutive years, and 
ideally across multiple locations.  
Consistent sample collection and processing methods were used for both years of 
this study. The use of liquid nitrogen to flash freeze the fresh samples and the freeze 
drying provided ideal material for lab analysis, but was expensive, time consuming, and 
required expertise with the personnel involved. For these reasons, the number of samples 
taken in the field was reduced in 2017 compared to 2015. In future studies, efforts should 
be made to attain funding and personnel to maintain a high sample number over years. 
 In future research of this type, weather instruments should be purchased to have a 
dedicated weather station adjacent to the research plots to help explain potential trends 
and differences within each year and across years. This study relied on weather 
monitoring equipment maintained by others, and when the systems failed, important 
parameters were lost. 
Typically, species and cultivars selected for planting on horse farms are chosen 
based on stand persistence and yield ratings, but this research showed that there are 
significant differences in quality parameters. In the future, cultivar and species selection 
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should take into consideration forage quality differences based on plant genetics and 
management. Research studies should be designed to determine these differences. 
Results from this experiment affirm nitrogen fertilization recommendations for 
horse pastures. Crude protein levels in these vegetative pastures were higher than most 
hay, showing the potential to greatly reduce the need for CP supplementation. In addition 
to increased CP in forages, nitrogen application to pastures also increases stand vigor. If 
pastures are maintained with these practices (nitrogen application, regular mowing), 
similar results can be expected and the need for supplementation with concentrates may 
be decreased, saving money. For those managing young, growing horses, forage 
sampling for pasture quality is recommended to allow precise ration balancing. Ideally, 
this would happen on a regular basis, however that may not always be realistic. A 
combination of body condition scoring, knowing the species in your pasture, and 
understanding species and seasonal trends can allow managers to balance rations without 
frequent forage sampling.  
This study showed that at least under the environmental conditions of 2015 and 
2017, Kentucky bluegrass was of lower quality than orchardgrass, tall fescue, and 
perennial ryegrass. This, despite the observed or anecdotal high grazing preference of 
Kentucky bluegrass amongst horses. These findings could lead to new recommendations 
for the ideal species for horse pastures. On one hand, Kentucky bluegrass may not be 
desired for animals requiring a high amount of nutrients, but on the other hand, this 
species may be preferred for a maintenance diet for non-working horses. 
Currently, many ration balance calculations based on the tables published by the 
National Research Council (NRC) (2007) do not distinguish between pasture species. 
Quality ranges are simply listed for “cool season perennial grasses”. This research shows 
that more detailed forage quality analysis across species would improve ration balancing 
calculations. 
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Appendices 
 
 
Appendix A. Detailed laboratory methods for measuring ADF, NDF, DM, CP, and 
IVTDMD that were used for calibrating equations for the NIRS Forage and Feed 
Testing Consortium. ADF, NDF, DM, and CP lab testing are performed by Dairyland 
Labs located in Arcadia, WI. IVTDMD lab testing is performed by University of 
Wisconsin Soil and Forage Lab located in Marshfield, WI.  
 
 
ADF (Acid Detergent Fiber) 
Fiber (Acid Detergent) and Lignin in Animal Feed: AOAC Official Method 973.18 
(1996) (Modification includes use of Sea Sand for filter aid as needed). 
NDF (Neutral Detergent Fiber) 
Amylase-Treated Neutral Detergent Fiber in Feeds AOAC Official Method 2002.04 
2005(Modification includes use of Sea Sand for filter aid and Whatman GF/C filter paper 
for residue collection). 
Nitrogen and Crude Protein 
Protein (Crude) in Animal Feed: Combustion Method.  AOAC Official Method 990.03 
16th Edition, Ch 4 pg 18. 
Dry Matter in Forages 
Microwave drying at varying times and power settings dependent upon sample type until 
sample contains less than 6% moisture. This is followed by NFTA Method 2.1.4 Dry 
Matter by Oven Drying for 3 hours at 105° C. 
 
In Vitro Digestibility 
 
1. Application 
 
This procedure allows the determination of true digestibility and digestion kinetics of 
forages and other feeds based upon the measurement of undigested cell wall constituents 
as neutral detergent fiber using rumen fluid in an in vitro system. 
 
2. Summary of Methods 
 
Dried and ground samples are digested in an oxygen limiting environment using dairy 
rumen fluid, buffer, mineral and reducing solutions.  Residual dry matter is determined 
and an NDF is run on residue if needed. 
 
3. Safety 
 
All chemicals should be considered a potential health hazard. The laboratory is 
responsible for maintaining a current awareness file of OSHA regulations regarding the 
safe handling of the chemicals specified in this method. A reference file of material 
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handling data sheets should be made available to all personnel involved in the chemical 
analysis. 
 
4. Interferences 
 
This method is very sensitive to diet and temperature changes to donor animals. 
 
5. Sample Collection, Preservation, and Handling 
 
All samples are dried at 55oC in a cabinet-type forced air dryer for 12-16 hours. After 
drying the sample is ground to pass through a 1 mm forage mill. 
 
6. Apparatus and Materials 
 
 
6.1 125 ml Erlenmeyer flask 
6.2 Stoppers, with 2 inlet valves 
6.3 Water bath set to 39°C 
6.4 Canulated Cow 
6.5 Automatic dispenser; 40 ml 
6.6 Carbon Dioxide Tank 
6.7 Auto dispensing syringe; 2 ml and 10 ml 
6.8 Rubber policemen 
6.9 Incubation oven 
6.10 Thermos 
6.11 Rumen Fluid Pump 
6.12 2 pails 
6.13 Blender 
6.14 Cheesecloth 
6.15 2000 ml side arm flask 
 
7. Reagents 
 
7.1 In Vitro Media (pH 6.8) – makes 800 ml, adjust as needed for larger or smaller 
sample batches 
7.1.1 2.0 g trypticase 
7.1.2 400 ml distilled water 
7.1.3 0.1 ml micromineral solution; see below 
7.1.4 200 ml buffer solution; see below 
7.1.5 200 ml macromineral solution; see below 
7.1.6 1.0 ml resazurin (0.1% solution in distilled water; keep refrigerated) 
7.2 Micromineral Solution 
7.2.1    13.2 g CaCl2*2H2O 
7.2.2    10.0 g MnCl2*4H2O 
7.2.3 1.0 g CoCl2*6H2O 
7.2.4 8.0 g FeCl3*6H2O 
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7.2.5 Bring to 100 ml with distilled water 
7.3 Buffer Solution 
7.3.1 18.0 L Distilled Water 
7.3.2 72.0 g Ammonium Bicarbonate 
7.3.3 630.0 g Sodium Bicarbonate 
7.4 Macromineral Solution 
7.4.1 18.0 L Distilled Water 
7.4.2 102.6 g Na2HPO4, anhydrous 
7.4.3 111.6 g KH2PO4, anhydrous 
7.4.4    10.5 g MgSO4*7H2O 
7.5 Reducing Solution 
7.5.1 0.625 g cysteine hydrochloride 
7.5.2 95 ml distilled water 
7.5.3 0.625 g sodium sulfide nonahydrate 
 
8. Methods 
 
Sample processing: 
8.1 Thoroughly mix sample and weigh out 0.5 gram of sample into 125 ml Erlenmeyer 
flask. 
8.2 Concurrently weigh out a 2.0 gram sample for lab dry matter determination at 
105oC for 3 hrs.  This will allow further calculations to be made on a dry matter 
basis. 
8.3 In vitro blanks have no sample added to them, although all other reagents and 
rumen inoculum is added. 
8.4 Run a neutral detergent fiber (NDF) on the original sample, to be used in 
calculating the NDFD after the in vitro is complete.  (See NDF procedure). 
8.5 Turn on water bath and allow the temperature to reach approximately 39oC.  Be 
certain that the water level in the bath is above the 50 ml mark on the flasks so that 
the flask contents are maintained at 39oC. 
 
Media preparation: 
8.6 Calculate the amount of media and reducing solution needed based upon the 
number of samples being analyzed. 
8.7 Add 40 ml of media per sample using automatic dispenser.  Be careful not to 
splash sample out of flask or up on the sides. 
8.8 Put stoppers in flasks and place in water bath, connect tubing, which will allow 
carbon dioxide to flow into flasks. 
 
Reducing: 
8.9 When all tubing and flasks are connected, turn on carbon dioxide.  Adjust pressure 
to approximately 15-20 psi.  Turn on gas flow with needle valve enough to feel gas 
escaping from all the flasks through inlet valve.  The water manometer will cease 
bubbling. If “icing” of diaphragm and brass hose occurs, decrease gas flow rate by 
adjusting needle valve. 
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8.10 While flasks are being gassed for approximately 10 to 15 minutes, prepare the 
reducing solution. 
8.11 Inject 2 ml of reducing solution into each flask with a syringe.  Place rubber 
policeman onto each inlet valve as the solution is added. 
8.12 When all flasks have had reducing solution added and are closed with a policeman, 
adjust CO2 flow rate so that bubbling through water manometer is minimal. 
8.13 Wait for media reduction to occur as evidenced by change in color from blue to 
pink to colorless (oxidized to reduced). 
 
Collection and Preparation of Inoculum: 
During processing of the rumen fluid these steps should be done as quickly as possible 
and effort should be taken to keep the fluid under CO2 whenever possible. 
8.15 Earlier in the day, place all equipment that will come in contact with rumen fluid 
in incubation ovens at approximately 39oC. 
8.16 Put thermos and pump used for rumen fluid, in pails of hot water (to keep at body 
temperature).  Fill thermos to the top with rumen fluid and seal immediately. 
Quickly return capped thermos to the warm water.  Take immediately to the lab, 
noting collection time. 
8.17 Discard approximately one- half of solids on top of fluid layer and pour contents 
into blender.  Measure pH of rumen fluid and then blend for 60 seconds. 
8.18 Filter through 4 layers of cheesecloth into 2000 ml side arm flask using a funnel. 
 
Inoculating Flasks: 
Time is of the essence with this procedure.  The total time from collection to inoculation 
should not exceed 20-25 minutes. 
While keeping rumen fluid stirring and under CO2 quickly add 10 ml of fluid to 
each flask through the inlet valve using an auto dispensing syringe.  Replace rubber 
policeman onto each inlet valve after inoculate is added.  Swirl all flasks after inoculum 
addition, avoiding splashes up the sides. 
8.19 Check all stoppers and policemen to be certain they are tight and adjust CO2 flow 
rate if necessary.  Remember this system keeps all flasks under constant CO2 
pressure and only minimal bubbling of gas in the water manometer is necessary. If 
it takes excessive CO2 pressure to bubble the manometer, check for loose stoppers, 
loose rubber policemen, or loose tubing causing a leak. 
8.20 Keep track of incubation times. Record the time at the start of the digestion and 
when the flasks should be taken out, depending on the time point requested, and 
post it right on the water bath. 
 
Fermentation Times: 
8.21 Take flasks out of water bath at the time point you are testing (i.e. 48 hours) and 
rinse down the sides with distilled water to submerge all particles in liquid, 
stopper, and freeze immediately. 
8.22 Alternatively, N DF on the residue can be tested immediately (see NDF 
procedure). 
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9. Calculations 
 
9.1 Residue Weight = ((Crucible Weight + Fiber) – blank ) – Crucible Weight w/o 
Fiber 
9.2 Sample Weight Absolute = (Sample Weight * % Lab Dry Matter) 
9.3 Indigestible Dry Matter % = Residue Weight / Sample Weight Absolute 
9.4 IVTDMD = 1 - (Indigestible Dry Matter %) 
9.5 IVNDFD = 1 – [(Indigestible Dry Matter % * 100) / % NDF] 
 
10.  Quality Control 
 
At least one laboratory reagent blank (LRB) is analyzed with each batch of samples to 
gauge run acceptability. 
11. Reporting 
 
Results are reported as % NDFD on a dry matter basis. 
 
12. References 
12.1 Goering, H. K., and P. J. Van Soest. 1970. Forage Fiber Analyses. Agr. Handbook 
No. 379. Agricultural Research Service. USDA. 
12.2 Mertens, D. R.  1992.  Critical conditions in determining detergent fibers. Page C-
1 in Proc. Natl. Forage Testing Assoc. Forage Anal. Workshop, Denver, CO. Natl. 
Forage Testing Assoc., Omaha, NE. 
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Appendix B. April 2015 species means (% DM) for acid detergent fiber (ADF), neutral 
detergent fiber (NDF), in vitro true dry matter digestibility, (IVTDMD) crude protein 
(CP), water soluble carbohydrates (WSC), and ethanol soluble carbohydrates (ESC). 
Kentucky bluegrass samples were not taken for this harvest.  
 
Species ADF NDF IVTDMD CP WSC ESC 
Tall fescue 24.0a* 45.7a 81.3b 23.1 6.5a 6.5ab 
Orchardgrass 22.8b 46.1a 81.6b 22.3 5.4b 6.0b 
Perennial 
ryegrass 22.4
b 42.4b 86.1a 23.0 6.9a 7.1a 
*Means with the same letter within a column are not significantly different at p < 0.05. 
NS = Not Significant 
 
 
Appendix C. April 2015 time of day means (% DM) for acid detergent fiber (ADF), 
neutral detergent fiber (NDF), in vitro true dry matter digestibility (IVTDMD), crude 
protein (CP), water soluble carbohydrates (WSC), and ethanol soluble carbohydrates 
(ESC).  
 
Time of 
Day ADF NDF IVTDMD CP WSC ESC 
AM 23.7a* 46.2a 80.7b 23.6a 5.1b 5.4b 
PM 22.4b 43.2b 85.3a 22.0b 7.5a 7.6a 
*Means with the same letter within a column are not significantly different at p < 0.05. 
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Appendix D. April 2017 species means (% DM) for acid detergent fiber (ADF), neutral 
detergent fiber (NDF), in vitro true dry matter digestibility (IVTDMD), crude protein 
(CP), water soluble carbohydrates (WSC), and ethanol soluble carbohydrates (ESC).  
*Means with the same letter within a column are not significantly different at p < 0.05. 
 
 
Appendix E. April 2017 time of day means (% DM) for acid detergent fiber (ADF), 
neutral detergent fiber (NDF), in vitro true dry matter digestibility (IVTDMD), crude 
protein (CP), water soluble carbohydrates (WSC), and ethanol soluble carbohydrates 
(ESC).  
 
Time of 
Day ADF NDF IVTDMD CP WSC ESC 
AM 24.3 48.2a* 77.8b 20.9a 6.6b 5.3b 
PM 23.6 46.6b 80.2a 19.6b 8.3a 7.0a 
*Means with the same letter within a column are not significantly different at p < 0.05. 
NS = Not Significant 
 
 
 
  
Species ADF NDF IVTDMD CP WSC ESC 
Kentucky 
bluegrass 22.5
c* 45.8b 82.4a 21.3a 8.4a 7.4a 
Tall fescue 25.6a 49.6a 77.0b 20.7ab 6.1b 5.3b 
Orchardgrass 23.4bc 48.7a 75.7b 19.8bc 6.4b 4.8b 
Perennial 
ryegrass 24.3
b 45.6b 80.8a 19.2c 8.9a 7.2a 
 
 
79 
Appendix F. Cultivar by harvest date means for neutral detergent fiber (NDF, % DM) of 
cool season grasses in central Kentucky from May to November, 2015 (n=418). Results 
are sorted by harvest date such that each harvest has a separate analysis.  
 
Species Cultivar May June July August September October November 
Kentucky 
bluegrass 
Barderby 59.4b 59.7a 62.8a 58.3a 64.8a 48.4a 48.6a 
Ginger 54.5d 58.5a 61.6ab 56.4bc 60.4b 43.0cd 41.9cd 
Tall fescue Bronson 58.9b 53.3bc 58.4c 56.1c 55.2d 45.1bc 44.4b 
Cajun II 61.2a 54.9b 60.7b 57.4ab 57.2c 47.7ab 43.5bc 
Orchardgrass Persist 59.0b 54.0bc 57.4c 56.5bc 52.7e 42.7cd 41.2d 
Quickdraw 57.0c 52.3cd 58.3c 54.1d 52.1e 42.8cd 40.9d 
Perennial 
ryegrass 
Aberzest 47.6e 49.8d 53.3d 50.0f 51.8e 41.3de 38.0e 
Linn 58.2bc 53.8bc 57.3c 51.8e 54.5d 39.7e 37.8e 
Means with the same letter within a harvest date are not significantly different at p < 0.05. 
 
Appendix G. Cultivar by harvest date by time of day means for neutral detergent fiber 
(NDF, % DM) of cool season grasses in central Kentucky from May to November, 2017 
(n=448). Results are sorted by harvest date such that each harvest has a separate analysis.  
 
Species Cultivar Time of 
Day 
May June July August September October November 
Kentucky 
bluegrass 
Barderby AM 58.6A 53.8A 61.8AB 60.7A 59.5A 63.6A 59.1A 
PM 55.7B 46.8B 57.4DEF 55.8CDEF 54.7CDE 46.1EF 56.6A 
Ginger AM 58.9A 53.7A 63.1A 58.9AB 56.8BC 47.1E 39.4FGH 
PM 53.2BC 48.0B 58.6CDE 54.7DEFG 53.4E 42.9FG 36.3H 
Tall fescue Bronson AM 52.5C 46.6BC 58.5CDE 54.6EFG 55.8BCD 58.4BC 48.5BCD 
PM 44.2FG 42.1D 55.7EFG 53.6FG 49.9F 46.4EF 45.2DE 
Cajun II AM 52.8BC 47.5B 59.4BCD 57.3BCDE 56.6BCD 61.0AB 42.0EF 
PM 46.5EF 43.6CD 56.6DEFG 51.6GH 53.4E 47.6E 46.2D 
Orchardgrass Persist AM 51.5CD 47.8B 61.5ABC 57.7ABC 57.3AB 58.7BC 51.9B 
PM 45.6F 42.0D 55.3FG 54.9DEF 54.3DE 48.7E 51.2BC 
Quickdraw AM 51.9CD 46.6BC 57.9DEF 60.5A 57.2AB 58.1BC 48.1CD 
PM 45.8F 42.0D 53.7GH 53.3FG 54.4DE 47.4E 47.4D 
Perennial 
ryegrass 
Aberzest AM 49.1DE 41.3D 51.3HI 53.6FG 53.2E 55.8CD 42.6EF 
PM 41.9G 36.1E 48.7I 49.3H 50.7F 41.0G 38.4GH 
Linn AM 53.0BC 47.8B 56.4DEFG 58.0AB 54.5CDE 53.5D 39.7FGH 
PM 44.3FG 46.1BC 53.6GH 55.4CDEF 49.6F 48.7E 41.0FG 
Means with the same letter within a harvest date are not significantly different at p < 0.05. 
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Appendix H. Cultivar by harvest date means for in vitro true dry matter digestibility 
(IVTDMD, % DM) of cool season grasses in central Kentucky from May to November, 
2015 (n=418). Results are sorted by harvest date such that each harvest has a separate 
analysis.  
 
Species Cultivar May June July August September October November 
Kentucky 
bluegrass 
Barderby 67.4d 72.1e 68.8e 69.1e 61.4g 82.9e 83.2d 
Ginger 71.4b 74.4de 71.2bcd 72.3cd 65.4f 88.4bc 91.3bc 
Tall fescue Bronson 70.4bcd 79.1ab 74.2b 73.8bc 72.3a 87.1bc 92.4b 
Cajun II 68.6bcd 76.9bcd 71.2d 72.3cd 69.8cd 84.2de 91.6bc 
Orchardgrass Persist 67.8cd 75.4cd 72.9bcd 71.3de 68.6de 86.8cd 89.8c 
Quickdraw 69.3bcd 78.3abc 72.7bcd 74.6b 70.4bc 87.0bc 91.1bc 
Perennial 
ryegrass 
Aberzest 78.0a 81.5a 77.2a 77.7a 71.8ab 89.9ab 95.7a 
Linn 71.1bc 78.9ab 73.2bc 76.9a 68.0e 91.7a 96.0a 
Means with the same letter within a harvest date are not significantly different at p< 0.05. 
 
Appendix I. Cultivar by harvest date by time of day means for in vitro true dry matter 
digestibility (IVTDMD, % DM) of cool season grasses in central Kentucky from May to 
November, 2017 (n=448). Results are sorted by harvest date such that each harvest has a 
separate analysis.  
 
Species Cultivar Time of Day May June July August September October November 
Kentucky 
bluegrass 
Barderby AM 64.6I 74.2G 72.5GHI 65.3H 65.0H 67.8H 70.9I 
PM 68.6GH 81.1CDE 74.8FG 71.4CDEF 68.8FG 85.7BCD 73.5I 
Ginger AM 67.2HI 77.1FG 71.8HI 69.2FG 68.2G 89.3AB 94.2ABC 
PM 71.5EFG 81.0CDE 76.1EF 74.0BC 73.8ABC 91.6A 95.4A 
Tall fescue Bronson AM 72.3DEF 83.2BCD 79.9BC 72.8CD 72.0BCDE 80.1F 84.8FG 
PM 81.3A 86.9A 81.5AB 76.9A 76.0A 90.3AB 89.5DE 
Cajun II AM 72.1EF 81.0CDE 76.6DEF 71.3DEF 70.9DEF 75.0G 91.0CDE 
PM 75.7BC 83.9ABC 79.3BC 77.4A 74.2AB 86.7BC 86.8EF 
Orchardgrass Persist AM 71.5EFG 77.0FG 70.3I 65.2H 67.9G 74.0G 78.2H 
PM 75.3BCD 81.0CDE 73.3GH 68.5G 69.5FG 81.1DF 78.2H 
Quickdraw AM 70.7FG 78.8EF 71.4HI 65.7H 67.8G 73.1G 82.7G 
PM 77.1BC 81.7BCDE 76.1EF 70.0EFG 68.6FG 82.9CDE 82.2G 
Perennial 
ryegrass 
Aberzest AM 74.0CDE 83.2BCD 78.1CDE 72.4CDE 72.8BCD 77.2G 91.1BCD 
PM 82.2A 84.7AB 83.9A 76.5AB 71.8CDE 89.9AB 94.3ABC 
Linn AM 71.2EFG 80.0DEF 79.2BCD 69.7FG 70.5EF 80.3F 94.0ABC 
PM 77.5B 81.9BCDE 83.4A 73.8CD 73.8ABC 84.0CDE 94.9AB 
Means with the same letter within a harvest date are not significantly different at p < 0.05. 
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Appendix J. Cultivar by harvest date means for crude protein (CP, % DM) of cool season 
grasses in central Kentucky from May to November, 2015 (n=418). Results are sorted by 
harvest date such that each harvest has a separate analysis.  
 
Species Cultivar May June July August September October November 
Kentucky 
bluegrass 
Barderby 11.3bcd 15.0bc 15.2c 13.3e 11.3f 25.8bc 22.4cd 
Ginger 10.1d 14.0c 15.4bc 13.4e 12.3e 25.7c 21.5de 
Tall fescue Bronson 12.5ab 17.0a 18.1a 15.8c 13.5d 24.8c 20.5e 
Cajun II 11.7abc 16.0ab 16.5b 14.9d 12.6e 22.8d 20.2e 
Orchardgrass Persist 12.6ab 16.5a 18.9a 16.3c 17.1a 28.1a 24.8ab 
Quickdraw 13.1a 17.0a 18.0a 17.9b 17.8a 27.2ab 24.1abc 
Perennial 
ryegrass 
Aberzest 10.8cd 15.8ab 19.2a 16.4c 14.8c 24.3cd 23.1bcd 
Linn 8.6e 15.9ab 18.9a 18.8a 16.1b 28.4a 25.2a 
Means with the same letter within a harvest date are not significantly different at p < 0.05. 
 
Appendix K. Cultivar by harvest date means for crude protein (CP, % DM) of cool 
season grasses in central Kentucky from May to November, 2017 (n=448). Results are 
sorted by harvest date such that each harvest has a separate analysis.  
 
Species Cultivar May June July August September October November 
Kentucky 
bluegrass 
Barderby 16.3d 19.6d 16.6c 13.4d 16.7e 17.6e 15.1e 
Ginger 16.3d 18.6e 16.4c 15.1c 19.0ab 21.3a 19.9a 
Tall fescue Bronson 21.4a 23.1a 18.5ab 16.1bc 17.9cd 18.6de 16.1d 
Cajun II 20.7ab 22.0b 18.0b 15.4c 17.0de 17.8e 16.8d 
Orchardgrass Persist 19.6bc 22.4ab 18.6ab 17.7a 18.4bc 19.0cd 18.0bc 
Quickdraw 19.0c 22.0b 19.7a 17.2ab 17.6cde 19.1cd 18.9ab 
Perennial 
ryegrass 
Aberzest 19.4bc 21.0c 17.6bc 13.5d 18.2bc 19.9bc 17.9c 
Linn 18.8c 20.9c 18.6ab 15.9c 19.3a 20.8ab 19.8a 
Means with the same letter within a harvest date are not significantly different at p < 0.05. 
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Appendix L. Cultivar by harvest date means for water soluble carbohydrates (WSC, % 
DM) of cool season grasses in central Kentucky from May to November, 2015 (n=418). 
Results are sorted by harvest date such that each harvest has a separate analysis.  
 
Species Cultivar May June July August September October November 
Kentucky 
bluegrass 
Barderby 10.4c 6.3d 4.1c 7.4b 6.4c 6.8c 7.5cd 
Ginger 13.0b 7.0c 4.9b 8.8a 7.1b 8.1b 10.2a 
Tall fescue Bronson 10.6c 7.7b 4.8b 7.1b 9.2a 8.0b 9.3b 
Cajun II 10.1c 7.5b 4.9b 6.9b 8.7a 8.1b 9.6ab 
Orchardgrass Persist 8.1d 5.7e 3.6d 5.2c 5.8c 5.9d 7.2d 
Quickdraw 7.2e 5.8e 3.6d 5.4c 5.8c 6.0d 7.3d 
Perennial 
ryegrass 
Aberzest 15.1a 8.8a 5.6a 9.3a 9.3a 9.0a 9.5b 
Linn 13.3b 6.4d 5.1b 7.0b 7.5b 7.3c 7.9c 
Means with the same letter within a harvest date are not significantly different at p < 0.05. 
 
Appendix M. Cultivar by harvest date by time of day means for water soluble 
carbohydrates (WSC, % DM) of cool season grasses in central Kentucky from May to 
November, 2017 (n=448). Results are sorted by harvest date such that each harvest has a 
separate analysis.  
 
Species Cultivar Time of Day May June July August September October November 
Kentucky 
bluegrass 
Barderby AM 4.3GH 5.9HI 5.1D 6.1G 4.6HI 5.1F 6.5G 
PM 6.5E 9.8C 7.0C 9.0D 6.6CD 10.0A 7.5F 
Ginger AM 4.3GH 6.7GH 5.0D 6.3G 4.0IJ 8.0C 10.9CD 
PM 7.5BC 9.8C 6.9C 7.8E 6.0DEF 10.2A 12.9A 
Tall fescue Bronson AM 4.1GH 7.4FG 5.0D 7.2F 5.6EFG 6.2E 9.6E 
PM 7.7B 10.7B 7.0C 9.2CD 8.1A 9.5AB 11.9B 
Cajun II AM 4.6FG 7.6EF 5.0D 7.4EF 5.4FG 5.7EF 11.3BC 
PM 7.5BC 10.7B 6.8C 10.1B 7.7AB 9.8A 11.6B 
Orchardgrass Persist AM 3.9H 5.3I 2.3F 3.3I 3.6J 4.8F 6.5G 
PM 6.9DE 8.3DE 4.2E 5.2H 5.0GH 7.5CD 7.5F 
Quickdraw AM 4.4GH 5.3HI 2.8F 3.4I 3.8J 4.9F 7.2FG 
PM 7.1CD 8.6D 4.7DE 5.5H 5.0GH 8.0C 7.9F 
Perennial 
ryegrass 
Aberzest AM 6.4E 9.9BC 7.9B 9.6BC 6.1DE 7.8C 11.6B 
PM 9.5A 12.9A 10.0A 11.2A 7.2BC 10.4A 13.5A 
Linn AM 5.1F 6.9FG 5.0D 6.2G 5.0GH 6.5DE 10.4D 
PM 7.9B 8.8D 7.3C 7.2F 5.9DEF 8.5BC 11.6B 
Means with the same letter within a harvest date are not significantly different at p < 0.05. 
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Appendix N. Cultivar by harvest date by time of day means for ethanol soluble 
carbohydrates (ESC, % DM) of cool season grasses in central Kentucky from May to 
November, 2015 (n=418). Results are sorted by harvest date such that each harvest has a 
separate analysis.  
 
Species Cultivar Time of Day May June July August September October November 
Kentucky 
bluegrass 
Barderby AM 6.1H 5.0E 3.6DE 5.6DE 4.8GH 4.0G 6.0I 
PM 8.9CD 7.1B 4.7B 8.1B 5.8CDEF 8.7C 9.5E 
Ginger AM 6.2H 4.4G 3.9CD 4.9FG 5.4DEFG 4.5FG 7.3G 
PM 8.5DE 7.4B 4.6B 7.8BC 6.2BCD 10.0B 11.8BC 
Tall fescue Bronson AM 6.4H 5.5DE 4.1C 4.8FG 6.6BC 6.1DE 7.9FG 
PM 9.7B 9.2A 4.7B 7.9BC 8.9A 10.6A 12.1AB 
Cajun II AM 6.5GH 4.8EF 3.8CD 4.7G 6.5BC 5.9E 8.4F 
PM 9.1BC 9.4A 4.5B 7.4C 8.2A 10.9A 12.5A 
Orchardgrass Persist AM 4.9I 4.0G 3.2E 3.4H 4.1H 5.0F 6.1HI 
PM 7.2FG 6.1CD 3.7CD 5.6DE 5.0FG 8.9C 10.3D 
Quickdraw AM 4.3I 4.3FG 2.7F 3.9H 4.6GH 5.0F 6.1HI 
PM 6.4H 6.1CD 3.9CD 6.1D 4.7GH 9.0C 9.7DE 
Perennial 
ryegrass 
Aberzest AM 7.7EF 5.6DE 3.6DE 5.3EF 5.3DEFG 6.6D 8.0FG 
PM 11.1A 8.6A 5.4A 9.0A 6.9B 10.9A 11.8ABC 
Linn AM 8.8CDE 4.9EF 3.2E 3.7H 5.2EFG 5.1F 6.6H 
PM 10.5A 6.8BC 4.9B 7.8BC 5.9BCDE 10.3AB 11.3C 
Means with the same letter within a harvest date are not significantly different at p < 0.05. 
 
Appendix O. Cultivar by harvest date by time of day means for ethanol soluble 
carbohydrates (ESC, % DM) of cool season grasses in central Kentucky from May to 
November, 2017 (n=448). Results are sorted by harvest date such that each harvest has a 
separate analysis.  
 
Species Cultivar Time of Day May June July August September October November 
Kentucky  
bluegrass 
Barderby AM 2.4G 5.7I 4.3GH 4.8F 4.1F 3.6F 5.2F 
PM 4.6E 9.4C 6.2CD 8.0C 6.0BC 10.2AB 6.3EF 
Ginger AM 2.5G 6.2HI 3.5I 4.7FG 3.8F 8.5CD 11.2B 
PM 5.6D 8.8CDE 5.8DE 6.7D 5.8BCD 10.6A 13.2A 
Tall fescue Bronson AM 3.6F 7.7G 5.2EF 6.6D 5.4CDE 5.8E 9.5C 
PM 7.2B 10.5B 7.0B 8.5BC 7.7A 9.9ABC 11.7B 
Cajun II AM 4.0F 7.8FG 5.0EFG 6.6D 5.1DE 5.0EF 11.7B 
PM 6.6BC 10.3B 6.8BC 9.4A 7.2A 10.0ABC 11.4B 
Orchardgrass Persist AM 2.4G 5.4I 1.8J 3.0H 3.7F 3.9F 6.0EF 
PM 5.4D 8.4EFG 3.9HI 4.9F 5.0E 8.4D 6.6DE 
Quickdraw AM 2.5G 5.6I 2.6J 2.6H 3.6F 4.2F 7.0DE 
PM 5.7D 8.8CDEF 4.6FGH 5.6E 5.1DE 8.8BCD 7.6D 
Perennial  
ryegrass 
Aberzest AM 4.6E 9.3CD 6.5BCD 7.0D 5.3DE 6.0E 11.1B 
PM 8.1A 11.9A 8.6A 9.2AB 6.3B 11.0A 12.9A 
Linn AM 3.4F 6.8H 4.2HI 4.1G 4.0F 6.0E 10.9B 
PM 6.4C 8.5DEFG 6.2CD 5.3EF 5.5CDE 8.3D 11.2B 
Means with the same letter within a harvest date are not significantly different at p < 0.05. 
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Appendix P. Plot plans from each harvest season.  
 
2015 
 
Block 1  2  3  4  
Fertility None N  N None  None N  N None  
 101 201 TF 
Bronson 
301 401 BG 
Barderby 
501 601 OG 
Quickdraw 
701 801 PR Linn 
 102 202 TF Cajun 
II 
302 402 OG Persist 502 602 PR Linn 702 802 PR Calibra 
 103 203 OG Profit 303 403 BG Ginger 503 603 PR 
Aberzest 
703 803 TF 
Bronson 
 104 204 OG Persist 304 404 PR Calibra 504 604 TF Cajun 
II 
704 804 BG 
Barderby 
 105 205 OG 
Quickdraw 
305 405 OG Profit 505 605 OG Persist 705 805 TF Cajun 
II 
 106 206 BG Ginger 306 406 PR Linn 506 606 PR Calibra 706 806 BG Ginger 
 107 207 BG 
Barderby 
307 407 TF Cajun I 507 607 TF 
Bronson 
707 807 OG Profit 
 108 208 PR Linn 308 408 PR 
Aberzest 
508 608 BG Ginger 708 808 PR 
Aberzest 
 109 209 PR Calibra 309 409 TF 
Bronson 
509 609 BG 
Barderby 
709 809 OG Persist 
 110 210 PR 
Aberzest 
310 410 OG 
Quickdraw 
510 610 OG Profit 710 810 OG 
Quickdraw 
 
 
2017 
 
Block 1  2  3  4  
 101 TF 
Bronson 
201 TF Cajun 
II 
301 BG 
Barderby 
401 OG Quickdraw 
 102 TF Cajun 
II 
202 OG Profit 302 OG 
Quickdraw 
402 BG Barderby 
 103 OG Profit 203 OG Persist 303 TF 
Bronson 
403 PR Linn 
 104 OG Persist 204 PR Linn 304 OG Profit 404 TF Bronson 
 105 OG 
Quickdraw 
205 PR 
Aberzest 
305 PR Linn 405 TF Cajun II 
 106 BG Ginger 206 OG 
Quickdraw 
306 OG Persist 406 BG Ginger 
 107 BG 
Barderby 
207 TF 
Bronson 
307 TF Cajun 
II 
407 OG Profit 
 108 PR Linn 208 PR Calibra 308 PR 
Aberzest 
408 PR Calibra 
 109 PR Calibra 209 BG 
Barderby 
309 BG Ginger 409 OG Persist 
 110 PR 
Aberzest 
210 BG Ginger 310 PR Calibra 410 PR Aberzest 
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Appendix Q. ANOVA chart for significant interactions of harvest date, species, and time 
of day on acid detergent fiber (ADF), neutral detergent fiber (NDF), in vitro true dry 
matter digestibility (IVTDMD), crude protein (CP), water soluble carbohydrates (WSC), 
and ethanol soluble carbohydrates (ESC) in 2015. 
 
2015 ADF NDF CP IVTDMD WSC ESC 
Harvest*time <0.0001 <0.0001 0.0014 <0.0001 <0.0001 <0.0001 
Species*harvest <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
Species*time 0.2574 0.3873 0.3077 0.3064 0.0001 <0.0001 
Species*harvest*time 0.4552 0.5238 0.9640 0.6009 0.7128 0.0174 
 
 
Appendix R. ANOVA chart for significant interactions of harvest date, species, and time 
of day on acid detergent fiber (ADF), neutral detergent fiber (NDF), in vitro true dry 
matter digestibility (IVTDMD), crude protein (CP), water soluble carbohydrates (WSC), 
and ethanol soluble carbohydrates (ESC) in 2017. 
 
2017 ADF NDF CP IVTDMD WSC ESC 
Harvest*time <0.0001 <0.0001 0.0001 <0.0001 <0.0001 <0.0001 
Species*harvest <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
Species*time 0.5713 0.9245 0.1980 0.6695 0.1103 0.5596 
Species*harvest*time 0.9662 0.9820 0.9870 0.9890 0.9731 0.9984 
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Appendix S. Total daily photosynethetically active radiation (PAR, umolm-2s-1) measured 
from May to November 2015 at University of Kentucky research weather station adjacent 
to the experimental field. Totals are the sum of the average of every 15 minutes. 
 
Date Total PAR Date 
Total 
PAR Date 
Total 
PAR 
5/7/2015 11358.0 7/6/2015 36768.3 9/4/2015 33278.8 
5/8/2015 41815.3 7/7/2015 16327.9 9/5/2015 32235.8 
5/9/2015 38339.1 7/8/2015 12923.0 9/6/2015 28145.1 
5/10/2015 31956.1 7/9/2015 23583.7 9/7/2015 29973.7 
5/11/2015 33709.1 7/10/2015 23686.8 9/8/2015 27356.8 
5/12/2015 41400.2 7/11/2015 36305.6 9/9/2015 19327.0 
5/13/2015 45794.0 7/12/2015 29538.3 9/10/2015 18809.0 
5/14/2015 33978.1 7/13/2015 24824.1 9/11/2015 23985.4 
5/15/2015 38250.0 7/14/2015 32426.7 9/12/2015 20517.2 
5/16/2015 13085.4 7/15/2015 25210.7 9/13/2015 27514.9 
5/17/2015 32519.9 7/16/2015 37615.2 9/14/2015 34538.6 
5/18/2015 21671.4 7/17/2015 36452.4 9/15/2015 34035.0 
5/19/2015 46671.8 7/18/2015 37311.4 9/16/2015 33548.0 
5/20/2015 39468.4 7/19/2015 29342.1 9/17/2015 33162.6 
5/21/2015 8962.8 7/20/2015 31060.2 9/18/2015 29225.1 
5/22/2015 45964.9 7/21/2015 36657.0 9/19/2015 20903.1 
5/23/2015 39649.3 7/22/2015 43207.6 9/20/2015 30567.4 
5/24/2015 46752.0 7/23/2015 40754.3 9/21/2015 28442.1 
5/25/2015 25535.4 7/24/2015 43200.7 9/22/2015 31145.8 
5/26/2015 28197.5 7/25/2015 42490.3 9/23/2015 28919.4 
5/27/2015 28284.8 7/26/2015 35254.0 9/24/2015 30721.8 
5/28/2015 27909.4 7/27/2015 31383.0 9/25/2015 12603.3 
5/29/2015 35185.5 7/28/2015 24935.4 9/26/2015 16792.1 
5/30/2015 36986.7 7/29/2015 31291.6 9/27/2015 23172.8 
5/31/2015 36359.8 7/30/2015 44222.6 9/28/2015 19580.8 
6/1/2015 9504.9 7/31/2015 42038.8 9/29/2015 3434.9 
6/2/2015 11123.2 8/1/2015 42488.2 9/30/2015 4644.3 
6/3/2015 12941.1 8/2/2015 38886.4 10/1/2015 5458.0 
6/4/2015 39766.0 8/3/2015 38805.5 10/2/2015 4508.3 
6/5/2015 44867.3 8/4/2015 29108.1 10/3/2015 4157.7 
6/6/2015 34014.0 8/5/2015 32905.0 10/4/2015 26930.8 
6/7/2015 38888.3 8/6/2015 9441.2 10/5/2015 28468.7 
6/8/2015 17837.5 8/7/2015 20025.5 10/6/2015 27342.1 
6/9/2015 32944.4 8/8/2015 35752.6 10/7/2015 26198.2 
6/10/2015 43507.9 8/9/2015 31527.1 10/8/2015 23514.1 
 
 
87 
6/11/2015 41650.2 8/10/2015 24992.9 10/9/2015 11425.0 
6/12/2015 40267.6 8/11/2015 28792.9 10/10/2015 25447.2 
6/13/2015 40984.8 8/12/2015 36485.2 10/11/2015 26377.8 
6/14/2015 39864.3 8/13/2015 37758.9 10/12/2015 22615.3 
6/15/2015 40660.0 8/14/2015 37371.9 10/13/2015 23151.7 
6/16/2015 27788.3 8/15/2015 38547.4 10/14/2015 25618.5 
6/17/2015 29187.4 8/16/2015 33344.2 10/15/2015 25323.6 
6/18/2015 31726.2 8/17/2015 13245.7 10/16/2015 25442.4 
6/19/2015 18016.3 8/18/2015 23006.8 10/17/2015 20292.2 
6/20/2015 15204.2 8/19/2015 27612.7 10/18/2015 25112.2 
6/21/2015 36673.6 8/20/2015 36561.6 10/19/2015 24826.3 
6/22/2015 32824.5 8/21/2015 38426.6 10/20/2015 24304.8 
6/23/2015 28863.5 8/22/2015 38117.1 10/21/2015 23790.3 
6/24/2015 41278.8 8/23/2015 33387.3 10/22/2015 22637.6 
6/25/2015 32282.7 8/24/2015 39649.0 10/23/2015 22170.5 
6/26/2015 34794.1 8/25/2015 37204.2 10/24/2015 5626.8 
6/27/2015 20066.6 8/26/2015 26794.0 10/25/2015 13027.2 
6/28/2015 44451.3 8/27/2015 32592.3 10/26/2015 9889.6 
6/29/2015 27135.0 8/28/2015 35845.5 10/27/2015 4137.7 
6/30/2015 31381.1 8/29/2015 28162.8 10/28/2015 9084.8 
7/1/2015 17768.7 8/30/2015 31542.7 10/29/2015 20822.0 
7/2/2015 19850.4 8/31/2015 34207.3 10/30/2015 9069.5 
7/3/2015 12369.4 9/1/2015 28397.2 10/31/2015 7340.1 
7/4/2015 26551.6 9/2/2015 31138.7 11/1/2015 9479.9 
7/5/2015 17913.6 9/3/2015 33342.0 11/2/2015 13233.5 
      11/3/2015 21420.7 
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Appendix T. Total daily solar radiation (SAR, MJm-1s-1) measured from May to 
November 2017 at University of Kentucky’s C. Oran Little Research Center weather 
station in Versailles, KY. Totals are the sum of the average of every 60 minutes. 
 
Date SAR Date SAR Date SAR 
5/1/2017 20.1 7/11/2017 11.1 9/20/2017 17.3 
5/2/2017 26.3 7/12/2017 25.5 9/21/2017 17.8 
5/3/2017 25.4 7/13/2017 22.9 9/22/2017 18.6 
5/4/2017 4.2 7/14/2017 18.9 9/23/2017 19.1 
5/5/2017 6 7/15/2017 28 9/24/2017 20.1 
5/6/2017 15.2 7/16/2017 27.6 9/25/2017 14.8 
5/7/2017 25.4 7/17/2017 27 9/26/2017 19.3 
5/8/2017 25.1 7/18/2017 26.4 9/27/2017 17.3 
5/9/2017 17.2 7/19/2017 26.1 9/28/2017 17.9 
5/10/2017 23.3 7/20/2017 22 9/29/2017 19.7 
5/11/2017 9.9 7/21/2017 20.9 9/30/2017 20.1 
5/12/2017 - 7/22/2017 21.8 10/1/2017 18.2 
5/13/2017 - 7/23/2017 14.7 10/2/2017 19 
5/14/2017 - 7/24/2017 20.6 10/3/2017 15.6 
5/15/2017 - 7/25/2017 27.1 10/4/2017 18.6 
5/16/2017 27.6 7/26/2017 25.9 10/5/2017 12.9 
5/17/2017 - 7/27/2017 14.8 10/6/2017 15.5 
5/18/2017 25.4 7/28/2017 13 10/7/2017 10.6 
5/19/2017 21.3 7/29/2017 26.4 10/8/2017 2.5 
5/20/2017 21 7/30/2017 28 10/9/2017 7.5 
5/21/2017 11.5 7/31/2017 25.9 10/10/2017 6 
5/22/2017 - 8/1/2017 17 10/11/2017 10.5 
5/23/2017 18.2 8/2/2017 14.9 10/12/2017 5.1 
5/24/2017 10 8/3/2017 24.4 10/13/2017 17.4 
5/25/2017 4 8/4/2017 15.3 10/14/2017 16.1 
5/26/2017 26.2 8/5/2017 25.6 10/15/2017 6.8 
5/27/2017 14.6 8/6/2017 8.3 10/16/2017 15.5 
5/28/2017 15.5 8/7/2017 6.8 10/17/2017 16.9 
5/29/2017 25 8/8/2017 25.3 10/18/2017 16.5 
5/30/2017 - 8/9/2017 26.6 10/19/2017 16.1 
5/31/2017 25.4 8/10/2017 23.4 10/20/2017 16.1 
6/1/2017 29.1 8/11/2017 15 10/21/2017 13.3 
6/2/2017 29.7 8/12/2017 20.4 10/22/2017 13.5 
6/3/2017 29.4 8/13/2017 26.6 10/23/2017 2.6 
6/4/2017 27.3 8/14/2017 11.7 10/24/2017 8.7 
6/5/2017 15.9 8/15/2017 19.3 10/25/2017 10.8 
6/6/2017 28.9 8/16/2017 22.6 10/26/2017 15.5 
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6/7/2017 13.1 8/17/2017 20.8 10/27/2017 10.4 
6/8/2017 26.1 8/18/2017 23.4 10/28/2017 5.9 
6/9/2017 29.3 8/19/2017 21.7 10/29/2017 2.6 
6/10/2017 27.1 8/20/2017 23.7 10/30/2017 8.2 
6/11/2017 27.2 8/21/2017 18.9 10/31/2017 13.8 
6/12/2017 23.9 8/22/2017 16.7 11/1/2017 1.5 
6/13/2017 19.5 8/23/2017 22.9 11/2/2017 7.5 
6/14/2017 26.2 8/24/2017 23.1 11/3/2017 2.7 
6/15/2017 18.6 8/25/2017 20.8 11/4/2017 4.8 
6/16/2017 23.3 8/26/2017 24.4 11/5/2017 6.7 
6/17/2017 26.4 8/27/2017 23.7 11/6/2017 4.3 
6/18/2017 16 8/28/2017 5 11/7/2017 2.1 
6/19/2017 25.9 8/29/2017 18.1 11/8/2017 6.7 
6/20/2017 28 8/30/2017 18.9 11/9/2017 13.4 
6/21/2017 27.4 8/31/2017 18.1 11/10/2017 13.3 
6/22/2017 8 9/1/2017 1.3 11/11/2017 10 
6/23/2017 11.2 9/2/2017 5.9 11/12/2017 5.2 
6/24/2017 26.7 9/3/2017 13.2 11/13/2017 3.6 
6/25/2017 28.9 9/4/2017 21 11/14/2017 9.4 
6/26/2017 28.3 9/5/2017 7.2 11/15/2017 4.9 
6/27/2017 29.2 9/6/2017 18.4 11/16/2017 3.7 
6/28/2017 29 9/7/2017 19.2 11/17/2017 11 
6/29/2017 22 9/8/2017 20.8 11/18/2017 1.7 
6/30/2017 22.4 9/9/2017 20.3 11/19/2017 2.5 
7/1/2017 21 9/10/2017 22.7 11/20/2017 11.7 
7/2/2017 25.7 9/11/2017 10.5 11/21/2017 11.1 
7/3/2017 17.6 9/12/2017 13.4 11/22/2017 11.8 
7/4/2017 8.8 9/13/2017 2.6 11/23/2017 11.7 
7/5/2017 12.5 9/14/2017 10.2 11/24/2017 11 
7/6/2017 8.3 9/15/2017 18 11/25/2017 11 
7/7/2017 23 9/16/2017 18 11/26/2017 11.6 
7/8/2017 25.9 9/17/2017 19.8 11/27/2017 11 
7/9/2017 28.1 9/18/2017 18.5 11/28/2017 11.3 
7/10/2017 25.2 9/19/2017 7.3 11/29/2017 8.2 
      11/30/2017 2.2 
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